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Properties  of  High-Temperature  Ceramics  and  Cermets 

Elasticity  and  Density  at  Room  Temperature  ‘ 

S.  M.  Lang* 

In  order  to  provide  some  of  the  basic  data  necessary  for  the  effective  utilization  of 
ceramics  and  cermets  in  various  high-temperature  applications,  a  specimen  “bank”  of  such 
materials,  mainly  commercially  fabricated,  was  established  for  the  measurement  of  physical 
proi)ertie8  and  constants.  This  Monograph  describes:  (1)  The  materials  and  some  of  their 
fabrication  data;  (2)  bulk  densities;  (3)  theoretical  densities;  and  (4)  the  dynamic  room- 
temperature  elastic  constants.  Data  are  given  for  46  sets  of  specimens,  representing  20 
different  materials;  these  include  oxides,  carbides,  borides,  cermets,  and  an  intermetaUic 
compound.  A  statistical  evaluation  was  used  for  analyzing  the  data. 

Results  of  the  room-temperature  measurements  show  that:  (1)  Significant  variations 
are  common  both  in  the  specimens  of  one  group  and  from  group  to  group  of  specimens  pre¬ 
pared  of  the  same  material;  (2)  the  largest  variations  occur  for  specimens  formed  by  hot- 
pressing,  although  average  values  are  higher  for  hot-pressed  specimens ;  and  (3)  measurements 
of  the  dynamic  elastic  constants  by  the  sonic  method  are  more  sensitive  as  indicators  of 
homogeneity  and  group  uniformity  than  bulk-density  measurements. 


1.  Introduction 


Recent  outstanding  advances  in  the  field  of  jet, 
rocket,  and  atomic-powered  heat  engines  have 
strongly  stimulated  an  accompanying  development 
in  hi^-temperature  ceramic  and  cermet  materials 
to  withstand  the  high  temperatures  and  corrosive 
atmospheres  involved.  The  new  ceramics  have 
been  well  described  by  E.  J.  Runck  [1]  ®  who 
states  that  they  are  commercially  produced  by 
“radical  departure  from  orthodox  processes  and 
materials”,  being  “ceramic  bodies  .  .  .  that  pos¬ 
sess  no  silica  or  clay  in  their  structure.  '^Phe 
coarse  nonplastic  portions  of  these  new  refrac¬ 
tories  have  high  purity  and  are  processed  at  higli 
temperatures,  even  up  to  fusion  ....  The  mix¬ 
tures  are  compacted  and  fired  ,  .  .  usually  above 
1,600°  C.  In  firing,  these  materials  do  not  form 
glassy  bonds,  but  sinter  or  recrystallize  by  solid 
reactions.” 

Desimers  have  been  severely  handicapped  by  a 
lack  of  sufficient  data  for  the  high-temperature 
ceramics  and,  in  addition,  the  available  data  have 
not  always  been  consistent  [2].  This  lack  of  con¬ 
sistency  could  result  from  differences  in  experi¬ 
mental  conditions,  or  could  be  a  real  variation  of 
properties  of  nominally  the  same  material  caused 
oy  uncontrolled  differences  in  fabrication  or  batch 
composition.  To  fill  the  critical  need  for  more 
complete  and  reliable  engineering  data  for  these 
ceramic  materials,  a  “bank”  of  these  products 

■  Financial  support  for  this  Investigation  was  supplied  by  the  Division  of 
Research  of  the  U.S.  Atomic  Energy  Commission. 

*  Present  address.  Owens-DIInols  Technical  Center.  Toledo,  Ohio.  Since 
Mr.  Lang’s  departure  from  NB8,  this  paper  has  been  revised  by  M.  D. 
Burdick  and  S.  Siitnner. 

>  Figures  In  brackets  Indicate  the  literature  references  at  the  end  of  this 
Monograph. 


has  been  established.  This  bank  contains  samples 
from  the  leading  manufacturers  as  well  as  some 
fabricated  at  the  National  Bureau  of  Standards. 
Also  included  are  a  number  of  cermets.  These 
are  metal-ceramic  combinations  designed  for  use 
at  elevated  temperatures. 

The  long-range  goal  of  the  investigation  is  to 
supply  reliable  engineering  data  for  these  new 
classes  of  materials.  Tlie  properties  to  be  investi¬ 
gated  include  mechanical  strength,  clastic  and 
anelastic  cliaracteristics,  the  temperature  depend¬ 
ence  of  these  properties,  and  thermal  properties 
generally.  Since  all  these  properties  will  be  deter¬ 
mined  on  tlie  same  set  of  specimens  by  the  same 
test  procedure,  valid  comparisons  will  then  be 
possible. 

The  particular  purposes  of  the  present  investi¬ 
gation  were:  (1)  To  determine  the  room-tempera¬ 
ture  elastic  properties  by  a  dynamic  (sonic) 
method;  (2)  to  determine  both  the  bulk  and 
theoretical  densities:  (3)  to  evaluate  from  a 
statistical  treatment  of  the  data  the  variability  of 
fabrication  of  the  different  types  of  materials, 
using  the  above-determined  clastic  and  bulk- 
density  data;  and  (4)  to  compare  measurements 
of  the  elastic  properties  and  densities  for  their 
usefulness  as  indicators  of  significant  variations 
in  fabrication. 

Density  and  elastic  properties  were  determined 
first  because,  in  addition  to  being  important 
properties  in  themselves,  the  experimental  metliod 
for  their  determination  is  nondestructive.  It  thus 
becomes  possible  to  perform  further  measurements 
of  other  properties  without  diminishing  the  num¬ 
ber  of  available  specimens. 
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The  present  paper  contains  detailed  descriptions  reasons;  (1)  To  leave  no  doubt  as  to  the  exact 
of  the  methods  used  in  calc\ilating  both  the  elastic  procedure,  and  (2)  to  act  as  a  ^ide  to  other 
constants  and  the  statistical  parameters.  These  workers  who  might  wish  to  mt^e  similar  de- 
detailed  descriptions  have  been  included  for  two  terminations. 

2.  Materials  and  Procedure 


2.1.  Materials 

A  complete  list  of  the  materials  along  with 
pertinent  fabrication  data  is  given  in  table  1 
(appendix  II).  Most  of  these  materials  are  com¬ 
mercially  available;  some  are  experimental  (at  the 
time  of  this  investigation)  including  all  those  from 
source  G.  Some  additional  inmrmation  con¬ 
cerning  these  materials  that  could  not  be  listed 
in  table  1  conveniently  is  included  under  results. 

2.2.  Preparation  of  Specimens 

A  convenient  size  and  shape  of  specimen  for  the 
elastic  modulus  measurements,  and  one  that  was 
used  whenever  possible,  was  a  rectangular  prism 
6  in.  by  in.  by  %  in.  However,  all  of  the  speci¬ 
mens  that  were  fabricated  by  the  hot-pressing 
technique  were  supplied  as  approximately  3-in. 
long  by  }$-in.  wide  by  K-in.  thicK  bars,  rather  than 
6-in.  long  bars,  because  the  shorter  specimens 
could  be  made  denser  and  with  greater  xmiformity. 
In  order  to  achieve  this  with  available  equipment, 
the  blanks  were  hot-pressed  perpendicular  rather 
than  parallel  to  the  length.  Pressing  parallel  to 
the  length  would  have  produced  a  low-density 
zone  near  the  center  of  the  specimens. 

All  specimens  were  finish  ground  to  the  final 
dimensions.  For  the  harder  specimens,  such  as 
B4C,  B4C+TiB2,  and  SiC-l-B4C,  the  machining 
operation  was  slow  and  tedious,  even  with  diamond 
tools. 

2.3.  Elastic  Moduli 
a.  Method 

The  eijuipment  and  technique  for  determining 
the  elastic  moduli  by  the  sonic  method  were  the 
same  as  those  reported  by  Spinner  [3],  and  pre¬ 
viously  described  by  Hornibrook  [4].  The  method 
consists  of  inducing  the  mechanical  resonant  fre¬ 
quency  of  the  specimen,  usually  by  means  of  a 
tweeter-type  spe^er,  driven  by  an  audio  oscillator. 
The  resultant  oscillations  are  detected  by  means 
of  a  cryst^  pickup  which,  together  with  the  signal 
from  the  audio  oscillator,  produces  a  Lissajou 
pattern  on  a  cathode  ray  oscdlqscope. 

One  of  the  basic  characteristics  of  the  dynamic 
method  is  that  the  elastic  moduli  are  determined 
at  very  low-stress  levels.  Thus,  the  possibility 
of  the  occurrence  of  creep,  elastic  hysteresis, 
plastic  flow,  or  similar  effects  is  reduced  to  a 
minimum  [5], 

Whenever  possible,  the  fundamental  resonant 
frequency  of  four  types  of  vibration  was  deter¬ 
mined  for  each  specimen.  These  were  the  longi¬ 
tudinal,  Fi;  flexural  vibrating  flatwise,  Ffu,; 


flexural  vibrating  edgewise,  F/*;  and  torsional  F,. 
The  first  three  types  of  vibration  were  used  to 
deteimine  Young's  modulus,  whereas  the  torsional 
mode  yielded  the  shear  modulus.  The  reason  for 
determining  two  elastic  moduli  is  that  all  the 
elastic  constants  for  isotropic  materials  arc  inter¬ 
related  by  well-known  equations  in  such  a  way 
that,  if  any  two  are  known,  the  others  may  be 
calculated.  In  this  investigation,  Poisson’s  ratio. 
It,  and  the  bulk  modulus,  K,  were  calculated  after 
Young’s  and  the  shear  moduli  had  been  obtained. 

For  some  specimens,  usually  the  shorter  ones, 
the  longitudinal  resonant  frequency  was  too  liigh 
to  be  detected  with  the  equipment  used.  In  these 
cases,  only  the  flexural  and  torsional  resonance 
frequencies  were  determined. 

In  three  instances.  Code  44  (B4C),  Code  43 
(B4C+TiB2),  and  Code  37  (SiC+B4C)  the  com¬ 
bination  of  size  and  density  were  such  that  the 
resonant  frequency  of  the  test  specimens  could 
not  he  detected  either  in  the  longitudinal  or  in  the 
torsional  modes.  One  specimen  of  each  of  these 
materials  was  reshaped  so  that  the  resonant  tor¬ 
sional  frequency  could  be  obtained.  The  re¬ 
mainder  of  the  specimens  in  the  group  were  not 
reshaped  because  (1)  the  grinding  and  polishing 
operations  were  difficult  and  time  consuming  due 
to  the  extreme  hardness  of  tlie  B4C  constituent, 
and  (2)  the  reshaping  operation  made  the  speci¬ 
mens  unsuitable  for  other  testing. 

The  shear  moduli  and  values  of  Poisson’s  ratio 
were  calculated  for  each  of  these  reshaped  speci¬ 
mens.  These  values  of  Poisson’s  ratio  were  then 
assumed  to  be  representative  of  the  entire  group 
of  specimens  of  that  mixture  and  were  used  to 
calculate  the  shear  and  bulk  moduli  for  the  re¬ 
mainder  of  the  specimens.  Because  only  one 
specimen  was  measured  in  shear,  the  data  for 
these  groups  were  not  treated  stati.stically. 

It  may  be  noted  that  it  is  usually  possible  to 
obtain  adequate  responses  even  when  frequencies 
are  considerably  higher  than  what  is  usually 
regarded  as  the  upper  limit  of  the  audiofrequency 
range  (20  kc).  This  is  because  the  frequency 
response  of  a  driver  or  pickup  is  usually  higher 
than  its  rated  value.  The  upper  frequency  limit 
for  a  good  crystal  pickup  is  ordinarily  given  as 
around  10  to  11  kc.  Although  this  is  the  fre¬ 
quency  above  which  the  response  falls  off  from 
being  flat,  it  does  not  drop  immediately  to  zero. 
There  continues  to  be  a  reduced  response  at  much 
higher  frequmcies.  With  the  apparatus  used, 
frequencies  well  above  20  kc  could  usually  be 
detected.  The  actual  upper  limit  of  frequency 
response  was  between  25  to  30  kc. 
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b.  Calculations 

All  of  the  following  equations  for  calculating 
the  elastic  constants  from  the  various  resonant 
frequencies  are  based  on  the  assumption  that  the 
specimens  are  isotropic  and  homogeneous.  Al¬ 
though  the  individual  crystals  comprising  the 
specimens  are  elastically  anisotropic,  their  dis¬ 
tribution  and  orientation  within  the  specimen  are 
random  so  that  the  assumption  of  isotropy  would 
appear  to  be  vahd.  However,  as  will  he  seen 
later,  certain  differences  in  Young’s  modulus, 
when  calculated  from  flexural  and  longitudinal 
frequencies,  indicate  that  either  or  both  of  these 
conditions  (isotropy  and  homogeneity)  were  not 
completely  satisfieci  in  all  cases. 

The  following  well-known  equations  wen*  used 
to  calculate  the  speed  of  sonrnl,  Vc,  and  Young’s 
modulus,  Et,  from  the  longitudinal  resonant  I're- 
quencv,  Fi 

Vc^2lF„  (1) 

where  f=length  in  cm,  Ft  is  in  cps,  and  Ve  is  in 
cm/sec,  and 

(2) 

where  p=density  in  g/cm®.  If  Vc  is  in  em/sec, 
then  El  will  be  in  d}uies/cm*.  All  elastic  moduli 
are  given  in  kilobars  where 


Substituting  the  dimensions  for  the  long  (6  in.) 
specimen  and,  assuming  a  a*  vahie  of  1/4 

1.0002  F,  (4) 

or,  the  resonant  longitudinal  frequencies  of  bars  of 
the  dimensions  used  lu're  are  2  parts  in  10,000  less 
than  for  an  infinitely  thin  rod  of  the  same  leiigth. 
This  is  a  higher  order  of  precision  than  the  reso¬ 
nant  frequency  determination  itself  (1  part  in 
3,000),  and  therefore  may  be  neglected.  Since  the 
entire  lateral  correction  is  neglible  and,  since 
Poisson’s  ratio  is  only  one  of  the  factors  entering 
into  the  correction,  the  value  of  E,  is,  within  the 
precision  useil  here,  independent  of  Poisson’s 
ratio. 

To  calculate  Young's  modulus  from  the  flexural 
frequencies  and  the  shear  modulus  from  the 
toi-sional  frequency,  the  relations  tleveloped  by 
Pickett  [7]  were  used.  These  equations  hav'e  been 
morlified  to  conform  to  the  cgs  system. 

The  following  pair  of  equations  relate  Young’s 
modulus  to  the  flatwise  and  edgewise  flexural 
frequencies, 

£:,„=9.464X10-‘«(jy  ^  mF;J  (5) 

E,e=9.464X10->''(^J  ^  mF;c^  (6) 


10®  dynos/cm®=  1  kilobar.* 

Con-ection  for  cross-sectional  effect  was  neg¬ 
lected  as  too  small  to  be  significant.  The  follow¬ 
ing  equation  from  Giebe  and  Scheibe  [6]  gives  the 
amount  by  which  the  fundamental  longitudinal 
frequency,'  Fi,  of  a  prism  of  given  rectangiilar 
cross  section  is  less  than  that  of  an  infinitely  thin 
rod  of  the  same  length 

(3) 

24/® 

where  longitudinal  resonant  frequency  of  an 
infinitely  thin  rod, 

Ai= Poisson’s  ratio, 

w= width, 

e  =  edge  or  thickness, 
t 

/=length  of  the  specimen. 

*  The  cgs  system  is  used  throughout  ns  being  a  more  desirable  form  in  which 
to  develop  the  equations  and  present  the  final  data.  However,  for  the  con¬ 
venience  of  those  who  are  more  familiar  with  the  English  system  of  units,  the 
final  data,  in  appendix  If,  are  presented  in  the  English  as  well  as  the  metric 
system. 

Kilobars  may  be  converted  to  psl  by  means  of  the  following  equation, 
KiIobarsXI4,603.8=psl. 

(This  conversion  factor  assumes  a  value  for  the  acceleration  of  gravity,  g,= 
980.1  cm/sec>.) 


£,’/„  =  Young’s  modulus  as  determinod  from  flat¬ 
wise  flexural  vibration,  71,7^= Young’s  modulus 

as  determined  from  tHlgewise  flexural  vibration, 
Ffc',  and  m  — mass  of  specimen  in  grams.  The 
numerical  constant  in  eqs  (5)  and  (0)  is  chosen  so 
that  Young’s  modulus  will  be  in  kilobars.  The 
fa<‘tor,  Ti,  depends  upon  rjl,  the  ratio  of  the  radius 
of  gATation  of  the  cross-sectional  area  in  the 
direction  of  vibration  (=0.288675 Xe  or  0.288- 
675  Xw,  depending  on  wliether  the  vibration  is 
flatwise  or  edgewise)  to  the  length  of  the  speciiiien. 
Pickett  gives  algebraic  relations,  graphs  based  on 
tliese  relations,  and  also  a  table  of  selected  numeri¬ 
cal  values  from  which  Ti  can  be  determined  as  a 
function  of  Poisson’s  ratio  for  values  of  0,  %,  and 
>3.  Subsequently,  the-  following  equation  has  been 
offered  [8]  from  wliicli  Ti  can  be  evaluated  for 
Poisson’s  ratio  values  other  than  those  given  by 
Pickett, 

T-T  n  +  (0-26M+3.22M®)r/n  - 

L  l+0.1328Xf/7  J  ' 


where  m  is  the.  particular  value  of  Poisson’s 
ratio  and  T  is  Pickett’s  value  of  Ti  for  for 
the  corresponding  value  of  rjl. 

The  nature  of  the  function  relating  Ti  to  rjl  is 
such  that  not  only  does  Ti  increase  as  rjl  increases, 
but  also  the  values  of  T,  diverge  from  each  other 
more  rapidly  for  different  values  of  Poisson’s 
ratio.  Therefore,  the  accmacy  of  p  becomes  more 
critical  in  the  accurate  determination  of  E,u,  and 
Efe,  as  I'll  increases. 
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The  shear  modulus,  0,  was  calculated  from  the 
torsional  resonant  frequency  F,,  by  means  of  the 
following  equation, 


As  with  Poisson’s  ratio,  the  symbols  Ki  or  Kf„ 
indicated  whether  E,  and  n,  or  Ef„  and  were 
used  in  the  equation  for  the  bulk  modulus. 


Q=BmF]  (8) 


2.4.  Density 


where  B  is  defined  by  the  following  relation 


a.  Bulk  Density 


a 


(9) 


.vUere  a  is  the  cross-sectional  area  and  R  is  the 
ratio  of  the  polar  moment  of  inertia  of  this  cross- 
sectional  area  to  the  "shape  factor”  [9]  for  the 
same  cross  section.  The  following  approximation 
for  rectangular  cross  section  is  given  by  Pickett 
[7]  and  based  on  Roark’s  Monograph  [9J, 


_ e/v)+w/e _ 

4(e/w)  —2.o2(elwy+0.21  (g/te)* 


(10) 


A  reexamination  of  the  accuracy  of  tin*  equa¬ 
tion  for  R  for  the  dynamic  shear  modulus  calcu¬ 
lations  has  been  presented  [10],  The  revised  re¬ 
lation  for  the  specimen  sizes  used  in  this  study, 
all  with  width-to-thickness  ratios  of  about  2,  ‘is 
not  significantly  different  from  those  calculated 
from  the  relation  given. 

Once  Young’s  modulus  and  the  shear  modulus 
were  determined,  Poisson’s  ratio  was  calculated 
from  the  following  equation, 


(11) 


For  the  3-in.  specimens,  where  E,  could  not  be 
determined,  Efu,  or  Ef,  (eq  (5)  or  (6))  was  used 
in  eq  (11).  However,  the  importance  of  an  ac¬ 
curate  value  of  n  for  the  determination  of  Ef,„  or 
Eft  has  already  been  mentioned.  The  procedure 
that  was  followed,  then,  was  to  assume  a  reason¬ 
able  value  of  ju  in  calculating  Efu,  or  /?/«  from  eq 
(5)  or  (6);  then  by  successive  approximation  in¬ 
creasingly  accurate  values  of  Efu,  or  Ef^  and  m  were 
obtained.  The  process  ceased  when  two  succes¬ 
sive  calculations  of  Efu,  or  Ef,  did  not  vary  by 
more  than  about  2  in  the  fourth  significant  figure. 
Usually,  no  more  than  two  recalculations  w'ere 
necessary. 

The  subscript  in  the  symbol  for  Poisson's  ratio 
(/X,,  Ufa,  or  Hf,)  indicates  wliether  the  longitudinally 
or  flexurally  determined  values  of  Young’s  modulus 
were  used  in  eq  (11). 

For  those  specimens  where  F,  could  not  be  de¬ 
termined,  the  speed  of  sound  was  calcxilated  from 
the  equation 


The  bulk  modulus,  K,  is  obtained  from  the 
following  equation 


K 


E 

3(l-2/x)' 


(13) 


The  bulk  density  was  determined  fi-om  the  mass 
and  volume  which  was  calculated  from  the 
dimensions. 

In  order  to  determine  the  mass  accurately,  the 
specimens  were  cleaned  with  soap  and  water,  then 
with  tricliloroethylene,  aiul  dried  to  constant 
weight  either  by  heating  at  800°  C  in  an  electri¬ 
cally  heated  muflle  furnace  or,  if  there  was  any 
doubt  about  the  oxidation  resistance  of  the  ma¬ 
terials  at  800°  C,  they  were  vacuum-dried  at  an 
absolute  pressure  of  about  1  X 10"®  mm  of  Hg.  A 
few  of  the  specimens  were  vacuum-dried  in  a 
desiccator  at  about  30  microns  pressure. 

After  cleaning  and  drying,  all  of  the  specimens 
wrre  stored  in  dosiccatois  until  they  (^ould  be 
weighed  on  an  analytical  balance.  The  mass  was 
corrected  for  the  air  buoyancy  reh'rred  to  a 
barometric  pressuie  of  760  mm  of  Hg  and  20°  (  • 
by  the  equation 

Corr.  mass=[)nnss  in  airXO. 99986] 

-|-[volumeX0.0012].  (14) 


b.  Theoretical  Density 


The  theoretical  density,  P,  was  detennined  fi  om 
X-ray  diffraction  examination,  using  the  following 
relation 


(15) 


where  N  is  the  number  of  molecules  per  unit  cell, 
M  is  the  molecular  weight,  V  is  the  volume  of 
the  unit  cell  in  angstrom  units,  and  .1  is  Avog- 
adro’s  number  (6.024X10^®)  used  in  conjunction 
with  the  newly  adopted  angstrom  length  unit. 

The  molecular  weights  of  solid  solutions  were 
calculated  assuming  tliat  electrostatically  jieutral 
structures  e.xist.  No  theoretical  derisity  compu¬ 
tations  were  made  in  those  instances  where  the 
type  of  solid  solution  was  not  known,  wliere  a 
number  of  solid  solutions  and  compounds  could 
exist,  and  where  the  reactions  between  these 
phases  were  not  known,  and  when  the  structures 
of  the  material  were  of  various  low  orders  of 
symmetry  and  the  angular  values  of  the  inter¬ 
secting  axes  w'ere  not  readily  available.  When  it 
could  reasonably  be  assumed  that  no  reactions 
occurred  between  the  two  or  more  phases  present 
in  some  of  the  test  specimens,  the  theoretical 
densities  were  calculated  as  though  the  specimen 
were  composed  of  a  "raechanical”  mixture  of 
the  component  phases  and  that  the  densities  of 
each  were  additive  according  to  the  amounts 
present. 
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2.5.  Precision 

Tile  pieoisioii  of  the  resoiiaiil  ficHiueiiev 
lasuremeiits  has  been  j'iveii  ns  about  1  part  in 
)00  (2.3b).  The  speed  of  sound,  when  calcu- 
-e<l  from  the  longitudinal  free  ency,  is  tlie  most 
poise  of  all  the  constants  given  since  it  depends 
ly  on  the  lengtli,  known  to  about  1  part  in 
)00,  and  the  longitudinal  frequency.  The 
ror  in  this  determination  is  less  than  0.1  percent, 
hen  combined  with  the  other  factoi-s  involved 
its  determination  the  precision  of  Ei  is  estimated 
be  better  than  0.4  percent.  Tlie  precision  of 
Efa,  Ef„  and  Vc  from  eq  (12)  are  estimateil 
be  about  0.4  percent.  The  precision  of  the 
lisson’s  ratio  and  bulk  modulus  values  arc,  from 
e  nature  of  their  determination,  reduced  liy 
factor  of  10,  from  0.4  percent  to  4  percent. 

The  precision  of  tlie  bulk  density  measurements 
estimated  to  be  about  0.2  percent. 

2.6.  Statistical  Treatment 

A  detailed  description  of  the  statistical  tech- 
ques  employed  and  their  application  to  the 
irticular  problems  of  this  investigation  is  pre- 
inted  in  appendix  I.  The  basic  features  of  this 
atistical  approach  were  as  follows: 

In  most  cases  two  or  more  gi’oups,  usually  con- 
sting  of  10  specimens  each,  of  a  single  type  of 
laterial,  were  supplied  by  the  manufacturer, 
he  different  groups  were  either  fabincated  at 
ifferent  times,  using  the  same  batch,  or  fabri- 
ited  using  batches  prepared  at  different  times, 
'he  first  condition  was  designed  to  test  the  uni- 
irmity  of  fabrication,  whereas  the  latter  condi- 
on  tested  the  uniformity  of  batch  preparation. 
■S  mentioned  in  the  introduction,  the  elastic 
instants  and  densities  were  used  independently 
3  indicators  of  the  uniformity  of  production. 
The  specimens  of  a  single  gi-oup  were  desig- 
ated  “acceptable”  if  the  coefficient  of  variation 
as  1  percent  or  less.  This  rather  arbitrary  ori- 
?rion  of  acceptability  seemed  reasonable  on  the 


ba.sis  of  earlier  testing  [11,  12]  and  tlie  data 
ported  here.  This  staiulard  of  accejit ability  could 
favor  some  materials  at  the  e.xpense  of  otheis, 
and  it  should  not  be  interpreted  as  a  rigid  criterion 
of  the  <(uality  of  any  material  or  manufai'tuicr’s 
product. 

The  /'-test  was  to  deteiniinc  whether  or 

not  two  or  more  giv  .ps  of  spi'cimen.s  were  signiii- 
cantly  different  in  the  degree  of  seatler.  'I'he  t- 
test  was  used  to  determine  wliether  or  not  the 
aA’erages  of  two  gioujis  of  data  W(>re  alike.  Tor 
both  these  tests,  the  9")  iiereent  eonlideiiee  level 
was  used.  'I'he  t-test  was  applied  ea///  if  tlie 
/-test  showed  the  two  groups  to  liave  tiie  same 
degree  of  scatter  within  the  specified  95  jiercent 
confidence  level.  'I'lie  following  table  illustrates 
how  these  two  tests  weri'  employed  to  evaluate 
the  parameters  of  fabrication  and  batch  prejiara- 
tion  for  the  two  or  more  groups  of  specimens  of 
each  material. 


lailirc  l)ati-h  mixed 
Slatisticill  at  one  t  ime :  .■;()eei- 

test  ineii.-i  faliriialed  at 

different  tiint's. 


Hatches  ini.xcd  at  dif¬ 
ferent  times;  speei- 
inetis  fabricated  all 
at  one  time. 


/•' 


/ 


‘  .No  significant  differ¬ 
ence  means  that 
the  S('])arate  fabri- 
'  cation  iirocednres 

j  result  in  products 

of  comparable  var- 
i  iability. 

I 

No  significant  dif- 
,  ferenee  inciins  thiU 

,  not  only  were  the 

fabricatioti  jiroce- 
dnres  of  compar- 
Jible  varijibiiity 
bttt  they  were  suf¬ 
ficient  ly  tiniform 
to  permit  jnodne- 
tion  of  itroducts 
with  the  same 
pro])erties. 


No  significant  liilTer- 
eiice  means  that 
both  groiipstif  batch 
mtiterials  were  of 
comparable  varia¬ 
bility  as  were  the 
mixing  procedures. 

No  significant  dif¬ 
ference  means  that 
nut  otily  Were  the 
batches  of  compar¬ 
able  variability  but 
that  1h(>y  were  suf¬ 
ficiently  tiniform  to 
permit  fabrication 
of  products  with  the 
same  jiroperties. 


3.  Results  and  Discussion 


3.1.  Presentation  of  Data 

.\11  tabular  data  arc  presciitod  in  appendix  11. 
For  illustration  only,  complete  data  and  calcu- 
itions  are  given  for  one  material.  Code  4,  .VljO;), 
1  tables  2,  3,  and  4. 

'fable  5  gives  results  of  tlu'  X-ray  diffraction 
laminations.  This  table  includes  descriptions 
f  the  phases  present,  the  unit  cell  parameters, 
nd  the  theoretical  densities  ealeulated  from  the 
iffraction  data. 

'Fable  6  presents  a  summary  of  the  elastic 
roperties  and  densities  for  all  the  materials 
udiod. 


'Fables  7  to  25  inclusive  give  tlie  following  data 
for  each  type  of  material  separately:  (a)  tlie 
average  value  for  each  physical  property;  (h)  the 
95  percent  confidence  limits  are  given  hj'  tlie  num¬ 
bers  following  the  average  values;  (c)  the  eoeffi- 

st^idard  deviation,^ 

average  / 


eient  of  variation 


(d)  the  calculated  and  critical  /’-test  number; 
and,  (e)  the  calculated  and  critical  /-test  miinhcr 
when  applicable. 

'File  iliscussions  of  the  20  inateiials,  generally, 
are  given  in  the.  following  order:  (1)  Description 
of  caclt  type  of  material,  fabrication,  heat  treat¬ 
ment,  and  general  conimciits  on  their  appearance; 
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(2)  acceptability  with  respect  to  the  coefficients  of 
variation  of  the  bulk  densities  and  elastic  con¬ 
stants;  (3)  comments  on  the  significance  of  the 
statisticid  comparison  calculations;  and,  (4)  other 
discussion  of  data,  when  appropriate. 

3.2.  Results  for  Different  Materials 

a.  Aluminum  Oxide— AljO]  (Tables  7  and  7a) 

('ode  1:  The  si.v  groups  of  hot-pressed  fust'd 
-\J3O3  were  made  from  tlie  same  batch  and  heat- 
treated  under  the  same  conditions  but  at  different 
times.  These  specimens  were  gray  in  color  sug¬ 
gesting  that  they  contained  some  carbon  or  grapli- 
ite.  However,  one  specimen  of  group  I  was  heated 
for  30  minutes  at  1,200°  C  in  an  oxidizing  atmos¬ 
phere  with  no  appreciable  loss  in  weight  (0.01%) 
and  no  color  change. 

Based  upon  their  measured  bulk  densities,  all 
of  the  groups  would  be  considered  “acceptable.” 
With  the  exceptions  of  the  specimens  of  groups  IV 
and  V,  the  specimens  woula  bo  “acceptable”  ac¬ 
cording  to  the  variations  of  the  elastic  constants. 
As  a  single  group,  however,  these  specimens  would 
not  be  “acceptable”  when  based  upon  the  coeffi¬ 
cients  of  variation  of  either  their  bulk  densities 
or  the  values  of  the  elastic  constants. 

Code  27:  This  group  of  seven  specimens  is  one 
of  a  series  fabricated  to  produce  a  high  density, 
polycrystalline  material,  by  cold-pressing  and  sin¬ 
tering.  Although  a  relatively  high  density  was 
achieved  ivith  very  small  variability  in  the  bulk 
density  measurements,  the  specimens  would  not 
be  “acceptable”,  on  the  basis  of  their  elastic  con¬ 
stants  variations. 

Code  26:  Two  additional  groups  of  specimens 
were  fabricated  using  the  best  method  developed 
for  the  Code  27  specimens.  Both  of  these  groups 
would  be  “acceptable”  according  to  their  varia¬ 
tions  in  bulk  densities  and  group  II  would  be 
“acceptable”  with  respect  to  the  elastic  constants 
variations.  Comparisons  of  the  properties  of 
both  groups  show  that  the  batches  and  the  fabri¬ 
cation  procedures  that  were  established  were 
satisfactory  to  provide  specimens  having  repro¬ 
ducible  physical  properties. 

Code  4:  Two  groups  of  10  specimens  each  were 
prepared  from  a  very  high-purity  AI2O3.  The 
specimens  were  semitranslucent  and  appeared  to 
bo  impervious.  Each  group  was  cold-pressed  and 
sintered  at  the  same  temperature  but  at  different 
times.  Both  groups  would  be  “acceptable”  on 
the  basis  of  the  coefficients  of  variation  of  the 
determined  properties.  .Staiistical  comparisons  of 
the  properties  of  both  groups  indicate  that  this 
material  and  the  particular  fabrication  process 
can  be  used  to  produce  uniformly  reproducible 
specimens. 

Code  3:  This  group  of  five  specimens  had  a 
composition  and  fabrication  similar  to  those  of 
Code  4. 


The  group  would  be  “acceptaVde”  on  the  basis 
of  the  variation  of  any  physical  property.  No 
statistical  comparison  calculations  were  made  for 
this  and  either  of  the  groups  of  the  Code  4  mate¬ 
rial  because  examination  of  the  values  of  the 
ph  ysical  properties  shows  that  there  is  little,  if 
any,  difference. 

Code  2:  Two  groups  of  10  specimens  per  grouj) 
were  fabricated  from  the  same  material,  but  gioup 

I  was  heat-treated  in  a  production  kiln  and  gi’ouj> 

II  was  heat-treated  in  a  laboratory  kiln.  Those 
heated  in  the  production  kiln  attained  a  slightly 
higher  temperature.  Both  groups  would  be 
“acceptable”  on  the  basis  of  theii  Indk  density 
variations:  only  the  grouj)  I  sj>ecimens  couhl  la* 
consideretl  almost  “accejjtabh*”  with  regard  to 
their  elastic  constants  variation.  .More  impor¬ 
tant,  when  the  various  property  values  of  both 
groiips,  with  the  excei)tion  of  the  valui's  for 
Poisson’s  ratio,  are  conii)ared  statisti<'ally,  the 
two  groups  are  significantly  different.  In  this 
instance,  then,  one  couhl  not  predit  I  tlu*  charac¬ 
teristics  of  a  i)roduction  ju’oduct  if  that  j)redic- 
tion  is  based  u])on  the  characteristics  of  a  labora- 
toiy  ju’oduct. 

('ode  14'.  Tw'elve  s])ecimens  of  a  high-juirity 
AI2O3  wore  cold-pressed  and  sintered  to  produce* 
a  |)roduct  that  was  said  to  be  imi)ervious  to  gasc's 
at  elevated  tempei'atui'es,  however,  the  densities 
an<l  elastic  moduli  given  in  table  7  wei-e  relativ(*ly 
low.  These  spcruinens  would  be  “acce|)table'’  on 
the  basis  of  the  coellicients  of  variation  of  any 
of  the  physical  properties, 

('o<fe  16:  These  eight  specimens  w(*ri*  fabrieateel 
irr  the  same  manner  as  that  used  for  tin*  ('odr*  2(1 
and  27  sjiecirnens.  but  rtsing  a  differvnt  srtjrjrlier’s 
materials.  Neither  high  density  nor  high  values 
for  the  elastic  constarrts  W(*re  obtained,  and  th<* 
s|)ecimens  would  be  “ac(*eptable”  only  on  the 
basis  of  the  brrlk  density  var  iations. 

(Jode  6:  Eleven  specimens  of  a  vt*ry  high- 
jnrrily  AI3O3  wer’c  cold-pr'essed  and  sintered  in  a 
“high-temperature”  ])roditction  kiln.  A  low- 
density  product  resrrltr'd  that  would  be  “accej)!- 
able”  ordy  on  the  basis  of  tin*  small  variation  of 
the  bulk  density  vahres 

General  Commeiiis:  Figure  1,  baserl  on  the 
data  in  table  7,  shows  the  rolationshij)  betwer'u 
the  aver’age  birlk  density,  tin*  averagr*  vahu'S  of 
speed  of  sound,  Yomig’s  modulus,  and  the  shear 
modulus  for  the  AI2O3  specimens.  These  resrdts 
are  in  general  agreement  with  those  of  Coble  and 
Kingery  [13]  wlio  found  the  elastic,  moduli  of 
AI2O3  specimens  to  increase  with  decroasiug 
jmiosity.  AVhen  one  considers  that  the  data 
represent  the  prodircts  of  throe  differont  fabricator-s 
and  some  five  differont  batches,  the,  regrrlarity  of 
the  results  is  quite  surprising.  AVhen  the  ctrrves 
are  extrapolated  to  the  value  of  the  theoretical 
X-ray  density,  the  values  of  the  elastic  constants 
compare  very  favorably  with  those  determined 
for  the  hot-pressed  specimens  that  attainerl 
almost  theorotical  density. 
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b.  Ruby  Alumina — AI2O3+  CrjOs  (Table  8) 

Two  groups  of  five  specimens  each  were  ob- 
ined  on  loan.  One  group  contained  }i  weight 
srcent  O2O3  (Code  6)  and  the  other  (Code  7) 
ntained  1  }i  weight  percent  Cr203  simulating  one 
the  compositions  of  natural  ruby.  The  alumina 
led  in  compounding  these  specimens  is  the  same 
that  used  for  the  Code  5  specimens  (sec.  a), 
j  received,  the  specimens  were  extremely  porous 
the  resmt  of  the  very  low-temperature  treat- 
ent  that  they  had  received.  Because  of  small 
5e  and  density,  none  of  the  resonant  longitudinal 
bration  frequencies  could  be  obtained.  After 
e  data  given  in  table  8  were  obtained,  the  speci- 
ens  were  heat-treated  at  1,800°  C,  reshaped  and 
;ain  tested. 


The  results,  which  are  given  in  table  8  as  codes 
6B  and  7B  showed  that,  when  these  specimens 
were  heated  at  a  sufficiently  high  temperature', 
they  would  be  considered  “acceptable”  onl}'  on  the 
basis  of  the  variation  of  the  bulk  density  values. 
Although  a  considerable  decrease  was  noted  in  the 
coefficients  of  variation  of  the  elastic  constants  for 
the  group  containing  the  i  weight  percent  CrsOs 
“impurity”  when  they  were  reheated,  no  appreci¬ 
able  changes  occurred  in  the  coefficients  of  varia¬ 
tion  for  the  group  containing  weight  percent 
Cr203.  It  was  more  interesting,  however,  that 
additional  heat  treatment  caused  only  small 
changes  in  the  calculated  vahies  of  Poisson’s  ratio. 
The  change  in  value  for  the  Code  6  specimens  is 
the  reverse  of  the  bulk  density-Poisson’s  ratio 
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trend  shown  for  practically  all  of  the  other  data 
available  for  other  materials. 

e.  MagOMlum  Oside— MfO  (Tables  9  and  9a) 

Cmle  Two  |;roii|>s  of  s|)ei‘iineiis  were  fabri¬ 
cated  from  the  same  hatch  hot  heat-treate<l  at 
different  times  to  produce  hiffh-purit^-,  hijfh- 
ilensity  test  specimens  hy  cohUpressinj;  and 
sintering.  Both  groups  would  he  “acH-eptahle” 
because  of  the  small  variation  of  the  hulk  ilensity 
values,  hut  only  gro\ip  1 1  would  he  “aee(>i)tahle” 
on  the  basis  of  variatu>ns  in  the  elastic  constants. 
Statistu^al  comparison  of  the  prop»‘rty  values 
(f-test)  of  the  two  groui)s  indicates  that  this 
material  and  fabrication  procedure  may  he  con- 
sidere<l  satisfactory  for  j)rodueing,  from  time  to 
time,  specimens  of  about  the  same  characteristics. 

(ix/c  2-'^:  These  two  groups  of  specimens  w«*rc 
fabricated  similarly  to  the  ('ode  24  specimens. 
Some  slight  difh'rences  occurred  d\n‘ing  the  pr»‘pa- 
ration. 

Either  group  wouhl  he  “acceptahlo"  on  the  i»asis 
of  the  variation  of  their  hulk  densities.  Statistical 
analyses  of  l>otli  groups  showed  that,  althougli  no 
really  significant  dilTerenc«'  in  the  variability  of 
the  material  was  intrt)duced  hecaiise  of  the  slight 
procedural  change,  as  indicated  In'  the  /■'-test 
results,  the  changi*  <lid  affect  the  averag*'  values 
significantly,  as  induaited  by  the  /-test  results. 

Code  dS:  TIu'se  two  groups  wc're  the  first  trials 
at  producing  a  high-purity,  high-density  product. 
Each  was  made  from  a  different  source  of  mag¬ 
nesium  (airhonafe.  Elach  would  he  consid<‘re<l 
“acceptable”  only  on  the  basis  of  their  hulk 
ilensity  variations. 

/Vx/c  Two  groups  of  10  specimens  each  were 
fabricated  from  a  hised  Mg()  mat«‘rial  by  cold- 
pressing  and  sintering.  This  inati'rial  has  a  juirity 
of  +9o  pena'iit.  The  test  si)eeimens  were  ex¬ 
tremely  iKiious.  somewhat  friable,  and  tan  iti  color, 
speckled  with  light-brown  areas.  Roth  groups 
were  prej)ared  from  the  same  material  and  both 
were  heat-treated  simultaneously,  hut  in  ilifferent 
parts  of  the  same  kiliv. 

The  only  basis  for  “acceptability”  of  both 
groups  would  he  the  low  Ci)elHcients  of  variation  of 
the  hulk  deiisity  values.  Coinpari.son  of  data 
obtaineil  for  each  of  thi*  physical  properties  of 
both  groups  shows  that  this  material,  treatment, 
aiul  location  in  the  partiinilar  kiln  were  such  that 
with  two  exceptions  (nfu,  and  Ki),  there  was  no 
really  significant  difference  according  to  the  /*’-  and 
/-tests. 

d.  Mullite — SA^Os*  28102  (Tables  10  and  10a) 

Code  16:  Five  groups  of  hot-pressed  mullite, 
totaling  20  specimens,  were  made  from  the  same 
material  hut  heat-treated  at  different  time.s,  pre¬ 
sumably  under  the  same  pressure-temperature 
conditions.  Although  the  purities  of  the  starting 
materials  were  abotit  the  same  in  Codes  1(5,  17, 
and  18,  those  of  Code  16  were  contaminated  with 


graphite  from  the  arc-fusion  process  and  the 
graphite  mold  of  the  hot-pressing  apparatus.  In 
addition.  X-ray  diffraction  examination  of  one 
specimen  sltowed  that  it  contained  mullite  and  at 
least  10  percent  of  free  AliOs. 

With  the  e.vccption  of  group  IV,  all  would  la* 
“acct‘ptahle”  on  the  basis  of  their  hulk  density 
variations;  however,  the  entire  lot  as  a  group 
would  he  “unacceptable”  on  the  sjime  basis.  Only 
group  II,  containing  hut  2  specimens,  would  ht? 
“aceeptalde”,  according  to  the  coefficients  of 
variation  of  the  elastic  i)roj)erties.  There  a])i)eai's 
to  he  s«»me  difference  among  most  of  the  groups 
listed.  Because  all  specimens  were  ma«le  from  the 
same  material,  it  wouhl  .s«‘em  that  variations  in  the 
control  and  operation  of  the  hot-pressing  facility 
were  sufficient  to  cause  significant  chang«‘s  in  tin* 
product  in  three  of  the  five  groups  processtal. 

('«></<  s  17  anil  IS:  'I'wo  gr«>ups  of  ten  cold-pressed 
and  sintereil  specinums  each  were  ohtaineil  separ¬ 
ately.  'I'he  ('ode  17  specimens  were  suhjecte*!  to 
a  “short  burn”,  while  the  ('ode  18  sj)ecimens 
sustaineil  a  “long  burn”,  both  at  the  same  tem¬ 
perature.  X-ray  diffraction  (‘xamination  of  one 
speeimeti  of  eacli  grouj)  indicated  that  both  weri> 
single-phase  nia*erials. 

Both  grou])s  would  he  considereil  “acceptable” 
on  (he  basis  of  their  hulk  density  variations  and 
the  ('ode  18  specimens  would  he  “acceptable” 
with  respect  to  the  elastic  constants  variation, 
('omparison  of  the  pliy.sical  properties  of  both 
groups  hy  (he  /-test  shows  that  the  heat  treat¬ 
ment  significantly  afrect<‘d  the  characteristics  of 
the  test  specimens.  It  is  evident  that  the  longer 
heating  i)eriod,  although  it  did  not  materially 
affect  the  hulk  density,  or  elastic  modulus  values, 
dul  result  in  a  m<»..  uniform  pro«luct. 

e.  MulHte  i  ZrO,  (Table  II) 

Code  22:  One  group  of  10  cold-pressed  and 
sinfered  spi'cimens  were  obtained  (hat  were  com¬ 
pounded  from  a  mixture  of  mullite  (the  same  as 
that  usetl  for  the  ('ode  17  a)id  18  mullite  speci¬ 
mens)  and  zircon.  'Phese  were  fabricated  and 
heat-treated  in  a  manner  similar  to  that  used  for 
the  ('ode  17  and  IS  mullite  specimens.  X-ray 
diffraction  examination  of  one  of  (he  test  speci¬ 
mens  showetl  no  zircon  present  and  also  that  tin* 
specimen  contained  mullite  and  about  20  i)ercent 
of  monoclinic  Zr()2.  No  hypothesis  is  'ulvancetl 
for  the  loss  of  silica  from  the  zircon,  hut  the  SiO, 
formed  from  tlie  deeomposition  is  assumed  to  have 
entered  tlu  mullite  phase  [14]. 

This  group  could  he  consulercd  “acceptable” 
both  on  the  basis  of  the  coefficients  of  variation  for 
hulk  density  ami  elastic  constants.  If  it  can  he 
assumed  that  these  si>ecimens  and  those  of  (Jode 
l7  received  the  sanie  fabrication  and  heat  treat- 
metits,  then  it  a5)pears  that  the  addition  of  zircon 
is  almost  as  beneficial  as  a  “long  burn”  in  produc¬ 
ing  moi.  uniform  property  characteristies,  hut 
that  the  densities  and  elastic  moduli  are  reduced. 
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f.  Spinel — Mg0'Al>0:i (Tables  Hand  12a) 

( '(></«'  20:  Five  gi  oiips  of  hot-prosseil  spinel, 
lotaling  20  specimens,  were  fabricated  from 
the  same  batch  composition  but  heat-treated  at 
different  times.  The  speeinn'iis  appeared  to  be 
coai-sely  ervstallme,  grains  of  'j  in.  diam  being 
visible.  The  specimen.s  were  freely  speckletl  witJi 
black  areas.  These  areas  are  believed  to  be  con¬ 
taminations  from  both  tlie  arc-fusion  process  and 
the  hot-pressing  operation.  X-ray  dillraction  ex¬ 
amination  of  one  specimen  showed  that  it  con¬ 
tained  magnesia  spinel  and  less  than  o  percent  of 
free  MgO. 

All  of  the  groups,  individually  or  as  a  lot,  were 
■‘acceptable”  according  to  their  bulk  density  varia¬ 
tions,  but  “unacceptable”  from  the  standpoint  of 
variation  of  the  elastic  constants.  When  the 
properties  of  each  of  the  groups  are  compaied 
with  those  of  all  of  the  specimens,  a  surprising 
consistency  is  noted.  In  fact,  this  spinel  is  one 
of  the  few  hot-pressed  materials  that  gav'  a  fairly 
consistent  product. 

Code  21:  Two  groups  of  8  and  10  specimens  each 
were  made  from  the  same  material  as  was  used  for 
the  Code  20  specimens,  except  that  they  were 
fabricated  by  cold-pressing  and  sintering.  Each 
group  was  heat-treated  at  different  times.  The 
test  specimens  were  snow-white  in  color,  very 
porous,  somewhat  friable,  and  rather  weak.  ‘Pwo 
of  group  I  were  broken  in  handling.  Unlike  those 
of  Code  20,  the  specimens  were  fine-gi’ained. 

The  group  II  specimens  could  be  considered 
“acceptable”  on  the  basis  of  the  bulk  densities  but 
not  on  the  basis  of  the  clastic  properties.  'Phe 
group  I  specimens  were  not  “acceptable”  on  any 
basis.  When  the  two  groups  were  compared  with 
each  otlier  by  the  F-  and  /-test,  it  can  be  seen 
that  the  differences  that  occurred  from  processing 
at  different  times  caused  a  significant  differeiu-e  in 
all  properties,  except 

g.  Thorium  Dioxide — ThOj  (Tables  13  and  13a) 

Both  types  of  thoria  tlescribed  in  this  reiiort. 
Codes  10  and  51,  contain  H  weight  percent  of  CaO 
(usually  added  as  CaCOs)  for  clcnsilication. 

The  thoria  used  in  the  preparation  of  Code  10 
specimens  was  electrically-fused,  while  that  used 
for  the  Code  51  specimens  was  a  very  pure 
(99.9-f%),  low-temperature  calcined  material. 

Code  10:  Two  groups  of  10  specimens  each  wore 
cold-pressed  from  the  same  |mixturc  and  simulta¬ 
neously  sintered  at  the  same  furnace  temperature, 
but  in  different  parts  of  the  furnace.  The  speci¬ 
mens  were  a  light-brown  wth  a  pink  cast. 

Statistically,  both  groups  would  be  considered 
“acceptable”,  although  some  of  the  calculated 
clastic  constants  had  variations  that  e.xceeded  the 
acccplabilily  limits.  The  F-{oA  showed  signifi¬ 
cant  differi'iiccs  for  bulk  density  and  bulk  modulus; 
(he  only  property  that  showeil  a  significant  differ¬ 
ence  by  the  /-test  was  the  shear  modulus.  This 
uniformity  indicates  that  the  position  in  the 


furnace  did  not  seriously  ati'ect  tlie  cliaraeterist  ics 
of  the  products. 

Code  61:  Tliis  group  of  10  specimens  wei'e 
fabricated  from  a  mixture  of  very  pure,  low-tem¬ 
perature  calcined  'I'hOa  and  CaCOs  by  cold-press¬ 
ing  and  sintering,  ‘fhe  specimens  were  off-white 
in  color.  The  statistical  treatment  showed  that 
tlie  grouj)  would  be  “acceptable”  on  the  basis  of 
both  the  hulk  densities  and  the  elastic  constants. 

h.  Uranium  Dioxide — UOj  (Table  14) 

Code  19:  The  five  specimens  of  this  group, 
which  were  prepared  by  cold-pressing  followed  by 
sintering  in  a  hydrogim  atmosphere,  had  a  luilk 
density  about  95  percent  of  theoretical,  'fhe 
uranium  oxide  used  in  fabricating  the  specimens 
had  2.05  moles  lather  than  2.00  moles  of  oxygt'ii. 
This  ratio  changed  during  fabrication  to  2.02. 

The  group  would  be  “acceptable”  on  the  basis 
of  both  the  bulk  density  and  on  all  elastic  con¬ 
stants,  except  Ki  and  K'/„. 

Code  19a:  One  ti'st  speciimm  was  fabricated  by 
cold-pressing  and  sintering  an  “ammonia-preciiii- 
tated”  UO2  material.  The  measured  values  are 
included  in  table  14. 

I.  Stabilized  ZIrconIa — ZrO^+CaO  (Tables  15  and  15a) 

All  of  the  materials  described  in  this  section 
contain  about  5  weight  percent  of  ('aO.  When 
such  mixtures  are  heated  they  form  cubic  solid 
solutions  which  are  free  from  the  discontinuous 
volume  changes  associated  with  the  monoclinic, - 
tetragonal  invei’sions  that  occur  between  800°  C 
and  1,200°  in  pure  ZrOj  [15,  10). 

Code  11:  Four  gi'oups  of  hot-jiressed  stabilized 
zirconia,  totaling  18  specimens,  were  made  from 
the  same  mixture  but  heat-treated  at  different 
times. 

All  groups  would  be  “acceptable”  on  the  ba.sis 
of  their  coefficients  of  variation  for  the  bidk 
density,  but  none  would  be  “acceptable”  according 
to  the  variations  of  the  elastic  constants.  A  com¬ 
parison  between  groU])s  seems  unjusalled  because 
of  the  extremely  large  variations  (about  30%) 
of  all  of  the  specimens,  considered  as  a  grouj). 

Anticipating  data  to  be  presented  later  in  this 
section,  inspe(;tion  of  the  data  in  table  15  shows 
that,  although  these  hot-pressed  specimen.-,  at¬ 
tained  a  very  high  bulk  density,  the  values  of  the 
elastic  constants  were  as  low  as  (and  in  some 
instances  lower  than)  the  values  determined  for 
the  cold-])ressed  and  sinti'red  si)ecimens.  It  is 
believed  that  this  anomaly  is  due  to  internal 
laminations  and  cracks  in  the  specimens.  Such 
faults  in  these  test  specinnais  could  sometimes 
be,  shown  to  exist,  although  their  full  extent 
could  not  be  readily  evaluated,  by  judicious 
“|)robing”  during  the  n'sonant  frequency  deter¬ 
minations.  At  times,  the  direction  and  magni¬ 
tude  of  the  flaw  can  be  ai)proximated,  but  it 
does  not  n])])ear  feasible,  to  attem])t  a  quantita¬ 
tive  evaluation  of  the  effects.  Therefore,  all  of 
these,  and  the  later,  data  given  for  stabilized 
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zirconia  aro  suspect.  Although  there  was  a  small 
spread  in  the  bulk  density  measurements,  ap¬ 
parently  indicating  production  uniformity,  the 
very  large  spread  of  the  elastic  constants  indicated 
that  actually  this  was  not  the  case.  This  is  an 
excellent  example  of  the  value  of  the  dynamic 
measurements  m  determining  the  variability  of 
specimens. 

Code  IS:  Two  groups  of  10  specimens,  which 
were  fabricated  by  cold-pressing  and  sintering, 
were  made  from  the  same  material  and  heat- 
treated  simultaneously  at  the  same  furnace  tem¬ 
perature,  but  the  groups  were  located  in  different 
parts  of  the  furnace. 

Either  group  would  be  “acceptable”  only  with 
respect  to  the  low  coefficients  of  variation  for 
the  bulk  densities;  they  would  not  be  “acceptable” 
with  respect  to  the  elastic  constants.  With  the 
exception  of  the  bulk  density  values,  statistical 
comparison  of  the  elastic  constants  of  both  groups 
showed  that  the  location  in  the  furnace  (assuming 
all  else  equivalent)  significantly  affected  the  char- 
acleristics  of  the  products. 

Code  12:  These  two  groups  of  10  specimens  each 
were  submitted  by  the  fabricator  with  the  com¬ 
ment  that  “considerable  fabrication  difficulty  was 
experienced  with  longitudinal  seams  and  trans¬ 
verse  cracks.”  Both  groups  were  made  by  cold¬ 
pressing  and  sintering.  They  were  prepared  from 
the  same  mixture  and  heat-treated  at  the  same 
temperature,  but  at  different  times,  in  a  laboratory 
furnace. 

These  two  groups  showed  the  lowest  bulk  densi¬ 
ties  of  any  of  the  stabilized  zirconias.  On  the 
other  hand,  the  elastic  constants  are  not  only  the 
highest  but  also  the  most  uniform.  For  example, 
the  group  II  specimens  would  be  considered  “ac¬ 
ceptable”  on  the  basis  of  most  of  the  physical 
properties.  Statistical  comparison  of  the  elastic 
properties  of  the  two  groups  indicates  that  the 
fabricator  supplied  this  material  with  uniform 
characteristics  in  spite  of  his  fabrication  difficulties. 

j.  Alumina -|- Chromium — AljOi-l-Cr  (Tables  16  and  16a) 

Code  29:  The  group  numbers  of  the  19  speci¬ 
mens  of  this  cermet  were  considered  as  one  group. 
Another  two  groups  of  the  same  material  arc  de¬ 
scribed  in  the  next  section.  With  the  exception 
of  the  low  variation  of  the  bulk  density  values,  the 
Code  29  specimens  as  a  single  group  would  not  be 
considered  “acceptable”. 

Code  SO:  These  two  groups  of  10  specimens  each 
were  cold-pressed  and  sintered.  They  have  the 
same  composition  as  the  Code  29  specimens.  The 
two  groups  were  made  from  the  same  mixture  but 
heat-treated  at  different  times. 

Both  groups  could  be  considered  “acceptable” 
on  the  basis  of  bulk  density  or  the  elastic  constants, 
with  the  possible  classification  of  group  I  as  a 
borderline  case  when  considering  the  elastic  prop¬ 
erties.  Again,  because  of  the  borderline  nature  of 
one  of  the  groups,  it  is  difficult  to  say,  statistically, 


that  the  mixture  can  or  cannot  be  fabricated  with 
uniform  characteristics  from  time  to  time. 

Code  28:  Two  groups  of  cold-pressed  and  sin¬ 
tered  Al203-i-Cr  cermet,  10  specimens  per  group, 
were  prepared  from  the  same  mixture  but  heat- 
treated  at  different  times.  The  composition  is 
similar  to,  but  not  identical  with,  the  Code  30 
specimens.  As  was  the  case  for  all  of  the  AI2O3-I- 
Cr  mixtures,  the  X-ray  diffraction  examinations 
showed  only  a  single  chromium-metal  phase.  A 
possible  explanation  for  the  absence  of  AI2O3  reflec¬ 
tions  is  that  the  chromium-metalbecame  “smeared” 
over  the  surface  during  polishing,  thus  masking 
the  alumina  phase. 

Only  the  group  I  specimens  could  be  considered 
“acceptable”  on  the  basis  of  their  low  coefficients 
of  variation  for  the  bulk  densities  and  elastic  con¬ 
stants.  Wlien  the  physical  properties  of  each 
group  are  compared  statistically,  it  is  apparent 
that  variations  in  heat-treatment  caused  a  signifi¬ 
cant  cliange  in  all  of  the  properties  with  the 
possible  exception  of  the  values  for  Poisson’s 
ratio. 

k.  Nl-bonded  Titanium  Carbide — ^TiC+Ni  (Tables  17 
and  17a) 

Four  TiC-j-Ni  mixtures  containing  10  to  30 
weight  percent  of  Ni  were  fabricated  by  cold¬ 
pressing  and  sintering.  The  TiC  had  about  6 
weight  percent  of  tantalum  and  niobium  carbides 
in  solid  solution.  Each  of  the  four  codes  was 
prepared  and  heat-treated  separately  under  identi¬ 
cal  conditions.  The  nickel  content  of  these 
mixtures  are : 

Code  31 — about  10  wt  %  Ni 

Code  32 — about  20  wt  %  Ni 

Code  33 — about  30  wt  %  Ni 

Code  34 — about  30  wt  %  Ni  (a  modified  Code 
33  composition) 

Code  SI:  Both  groups  of  specimens  would  be 
considered  “acceptable”  on  the  basis  of  the  coeffi¬ 
cients  of  variation  for  both  the  bulk  densities  and 
elastic  constants,  although  group  I  might  be 
borderline.  Comparison  of  the  physical  proper¬ 
ties  by  the  i-test  of  the  two  groups  shows  that 
the  mi.xing  and  general  fabrication  controls  are 
sucli  that  materials  having  about  the  same  vari¬ 
ability  can  be  produced  at  different  times;  also, 
the  <-tcst  shows  that  this  cermet  can  be  repro¬ 
duced  with  substantially  the  same  physical 
properties. 

Code  S2:  Both  groups  of  specimens  would  be 
“acceptable”  e.xcept  for  Poisson’s  ratio  and  bulk 
modulus.  Comparison  of  the  physical  properties 
of  the  two  groups  shows  that,  although  the  mi.xing 
and  general  fabrication  controls  were  such  that  a 
material  with  the  same  scatter  in  values  can  be 
reproduced  from  time  to  time,  the  materials  were 
not  consistent  in  their  physical  properties. 

Codes  SS  and  S4:  The  same  statistical  comments 
that  were  given  for  the  Code  32  material  are 
applicable  to  these  materials. 
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General  Comments:  Figure  2  shows  tlio  extent 
of  the  variation  of  the  values  of  the  elastic  con¬ 
stants  and  the  bulk  density  with  the  nominal  nickel 
content.  The  average  values  of  the  two  groups  of 
each  mixture  for  codes  31,  32,  and  33  were  aver¬ 
aged  to  provide  the  data  for  these  curves. 

1.  Boron  Carbide — B4C  (Table  18) 

Two  groups  of  10  hot-pressed  specimens  (Code 
44)  were  made  from  the  same  batch  but  each  was 
prepared  and  heat-treated  at  a  different  time. 
For  the  reasons  stated  in  section  2.3(a),  torsional 
frequencies  were  determined  for  only  one  speci¬ 
men  of  a  group;  and  consequently,  no  statistical 
comparisons  were  made. 

m.  Boron  Carbide+ Titanium  Diborlde— B4G+TiBi 
(Table  19) 

Code  43:  These  four  groups  of  five  specimens 
were  hot-pressed  from  the  same  mixture  of  82 
parts  (volume)  of  B4C  and  18  parts  of  TiBj,  but 
each  group  was  heat-treated  at  a  different  time. 


The  same  comments  that  were  given  for  specimen 
size,  reshaping,  and  calculation  method  for  boron 
carbide  (sec.  2.3(a))  are  applicable  to  these  speci¬ 
mens.  The  addition  of  titanium  diborido  in¬ 
creased  the  bulk  density  but  did  not  significantly 
affect  the  values  of  the  elastic  constants. 

n.  Silicon  Carbide — SiC  (Tables  20  and  20a) 

Code  45:  “High-purity”  materials,  probably 
less  than  3  percent  of  uncombined  silicon  or  carbon 
excess,  were  used  for  both  Codes  45  and  35.  Two 
groups  of  cold-pressed  and  sintered  specimens, 
9  and  8  specimens,  respectively,  were  prepared 
from  the  same  material  but  heat-treated  at  dif¬ 
ferent  times.  The  resonant  longitudinal  vibra¬ 
tion  frequencies  could  not  be  determined  with  the 
available  equipment  on  the  15-cm  long  specimens 
because  of  the  high  values  of  the  speed  of  sound. 
Therefore,  the  elastic  moduli  were  calculated  only 
from  the  flexural  mode  of  vibration. 

Both  groups  would  be  “acceptable”  on  the  basis 
of  their  variation  in  bulk  density  values,  and  group 
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II  would  be  “acceptable”  with  respect  to  the 
variability  in  elastic  constants.  When  the  physi¬ 
cal  properties  of  the  two  groups  are  considered,  it 
is  apparent  that  the  two  groups,  except  for  Eft, 
are  significantly  different. 

Code  35:  Two  cold-pressed  and  sintered  groups, 
were  prepared  from  the  same  material  but  heat- 
treated  at  different  times.  X-ray  diffraction  ex¬ 
amination  on  one  specimen  revealed  tliat  it  was 
composed  of  a  mixture  of  cubic  crystals  with 
several  hexagonal  SiC  phases.  It  has  been  shown 
[17]  that  there  are  some  15  or  more  hexagonal 
polytypes  of  SiC,  all  or  anv  of  whicli  may  coexist 
with  or  without  the  cubic  form. 

On  the  basis  of  the  eoefiiciejits  of  variation  for 
their  bulk  densities  only,  both  groups  could  be 
ronsidered  “acceptable”.  When  the  other  prop¬ 
erty  values  of  the  two  groups  arc  compared  by 
by  the  F-  and  /-test,  it  appears  that  the  ma¬ 
terials  and  fabrication  methods  can,  in  general, 
provide  reproducible  products,  but  with  rather 
poor  uniformity  of  physical  propei  ty  c!\aracter- 
istics;  the  uniformity  of  hulk  density  appea’s  to 
be  the  exception. 

o.  Silicon  Carbide + Boron  Carbide — SiC+BjC 
(Table  21) 

Code  37:  Each  of  the  4  groups  of  5  spt'cimens  of 
this  material  (designated  as  “boron  carbide 
bonded  silicon  carbide”)  were  made  from  the  same 
mixture  but  liot-presscd  at  different  times.  The 
SiC  was  the  same  as  that  used  for  the  Code  35 
specimens;  the  B^C  was  of  “commercial”  grade. 
The  same  comments  given  for  specimen  size, 
reshaping,  and  method  of  calculation  for  boron 
carbide  (sec.  2.3(a))  apply  hero.  However,  it  will 
be  noted  that  the  addition  of  the  10  parts  of  B4C 
very  substantially  increased  the  bulk  density  and 
elastic  moduli  values. 


p.  Zirconium  Carbide — ZrC  (Tables  22  and  22a) 

Code  38:  Six  groups  of  hot-pressed  zirconium 
carbide,  totaling  20  specimens,  were  made  from 
the  same  material  but  pressed  and  heat-treated 
at  different  times.  The  material  was  of  commer¬ 
cial  grade.  X-ray  diffraction  examination  of  one 
specimen  showed  it  to  be  essentially  a  single  phase 
material  (ZrC)  but  that  it  contained  a  very  small 
amount  of  free  graphite. 

Groups  III,  IV,  V,  and  VI  would  be  “accept¬ 
able”  on  the  basis  of  the  low  variation  for  the 
bulk  density  values;  however,  the  entire  lot  would 
not  be  “acceptable”  according  to  tlie  coefficients 
of  variation  of  the  elastic  constants.  Assuming 
all  else  equal,  the  results  in  table  22  show  that 
considerable  variations  in  heat-treatment  must 
have  occurred  during  the  fabrication  of  these  test 
specimens.  As  was  the  case  with  many  other 
materials,  there  was  very  little  change  in  Poisson’s 
ratio  with  heat-treatment. 


q.  Zirconium  Diboride — ZrBi  (Tables  23  and  23a) 

Code  Jfl:  Four  gi-oups  of  five  hot-pressed  speci¬ 
mens  were  made  from  the  same  material  but  heat- 
treated  at  different  times. 

W’^ith  the  exception  of  the  specimens  of  group 
III,  all  other  groups  would  be  considered  “accept¬ 
able”  because  of  their  low  coefficients  of  variation 
for  both  tlie  bulk  density  and  clastic  constants 
values.  When  the  values  of  eacli  of  the  groups 
are  compared  with  tlie  values  for  tlie  entire  code, 
it  is  apparent  that  the  values  for  tlie  physical 
properties  were  not  reproduced  from  time  to  time. 

Code  Jf3:  Two  groups  of  10  hot-pressed  spi'ci- 
mens,  whose  composition  is  a  modification  of 
Code  41,  were  fabricated  at  different  times. 

Comj)arisoii  of  the  values  of  both  groups  shows 
that  nonuniform  specimens  can  be  fabi-icated  with 
reproducible  properties,  although  luither  of  the 
groups  would  be  “acceptable”  under  the  criteria 
established. 

r.  Molybdenum  Disilicide — MoSij  (Tables  24  and  24a) 

Code  3.9:  Six  groups  of  hot-pre.ssed  specimens, 
19  in  all,  were  prepared  from  the  sami'  material 
designated  ns  of  “high  purity”  but  heat-treated 
at  different  times. 

All  of  the  groups,  with  the  exceptions  of  II  and 
III,  would  lie  “acceptable”  on  the  basis  of  the 
low  variation  of  their  bulk  densities,  although  the 
entire  code  would  not  be  “acceptable”;  grouj)s  IV 
ami  VI  would  be  “acceptable”  according  to  the 
coefficients  of  variation  for  the  elastic  constants. 

$.  Nickel  Aluminide — NiAl  (Tables  25  and  25a) 

Code  4O:  Two  groups  of  cold-pressed  speciimms 
were  fabricated  from  the  same  mixture  but  heat- 
treated  at  different  times.  The  mixture  was  a 
proprietary  modification  of  the  basic  composition. 

Only  the  specimens  of  group  I  would  be  “accept¬ 
able”  and  then  only  on  the  basis  of  the  bulk 
ilensities.  When  all  of  the  physical  jiroperties  of 
the  two  groups  are  compared,  it  should  be  noted 
that  the  indicated  similarity  has  little  meaning 
because  of  the  large  variability  of  the  physical 
properties. 

3.3.  Discussion 

One  of  the  interesting  observations  was  that 
Young’s  moduli  obtained  from  the  longitudinal 
mode  of  vibration  were  1  to  2  percent  less  in  most 
cases  than  those  obtained  from  the  flexural  modes. 

Similar  measurements  made  with  glasses  [3]  and 
other  homogeneous  isotropic  materials  [18]  have 
shown  good  agreement  for  Young’s  moduli  calcu¬ 
lated  from  the  flexural  frequencies  with  Young’s 
moduli  calculated  from  the  longitudinal  frequen¬ 
cies  using  the  same  equations  for  both  calculations 
as  in  this  investigation.  The  observed  lack  of 
agreement  for  many  of  the  materials  studied  here 
may  be  attribute-vd  to  one  or  more  of  the  following 
causes  arising  from  some  part  of  the  fabrication 
process;  (1)  Variations  in  density  in  the  specimen ; 
(2)  The  presence  of  cracks  witiiin  the  specimen. 
If  those  cracks  are  not  randomly  distributed,  their 
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gross  t'H'oct  will  1)1'  lliat  of  a  sinictio'al  iiilumio- 
geiioity;  (;})  The  segrogalioii  of  grain  sizes  during 
fabrication  [19];  and,  (4)  The  lack  of  eomplete 
randomness  in  the  orientation  of  the  crystalline 
particles  composing  tl>e  specimen. 

If  the  particles  forming  the  structure  assume 
some  preferred  orientation,  then  macroscopieally 
the  specimen  will  not  be  completely  isotropic. 
Roth  [20]  has  definitely-  found  evidence  of  such 
crystalline  orientation  in  small  pressed  pellets  of 
ceramic  materials  from  X-ray  (liffraction  exami¬ 
nation.  Tile  presence  of  some  orientation  is  .sliown 
by  a  different  intensity  of  certain  lines  than  would 
bo  the  case  for  a  completely  random  orientation. 
Although  no  such  clear-cut  evidence  was  found  for 
the  specimens  studied  here,  the  possibility  is  not 
ruled  out  that  such  small  preferred  orientations 
were  present. 

From  the  few  isolated  instances  where  informa¬ 
tion  was  available  for  laboratory  aird  proilucf  ion 
specimens,  less  variation  occurred  when  the  same 
material  was  fabricated  as  a  prorluction  item  than 
when  it  was  fabricated  as  a  laboi-atorv  item.  A 
possible  explanation  is  that,  in  each  of  these 
instances,  a  higher  heat-treatment  temperature 
was  used  for  the  production  product.  There  were 
also  some  data  available  for  materials  heat- 
treated  in  the  same  furnace  at  the  same  tem¬ 
perature  but  for  different  time  intervals.  In 
these,  appreciably  smaller  variations  in  density 
and  elastic  constants  occurred  for  those  specimens 
heat-treated  for  a  longer  perio<l  of  time.  It  would 
seem,  therefore,  that,  although  production  econ¬ 
omies  would  dictate  a  minimum  time  at  minimum 
heat-treating  temperatures,  a  moi'c  uniform  and 
reproducible  product  would  result  from  increasing 
both  firing  time  and  temperature.  This  improve¬ 
ment  in  the  product  appears  to  be  readily  achiev¬ 
able  at  a  slightly  increased  production  cost.  The 
value  of  a  statistical  analysis  for  selecting  the 
optimum  temperature  and  time  should  be  ap¬ 
parent. 

It  is  anticipated  that  significant  advances  will 
be  achieved  in  the  uniformity  of  commercially 
available  materials  only  recently  developed,  such 
as  hot-pressed  stabilized  zirconia.  As  more  general 
e.xperience  in  the  hot-pressing  techniques  is  accu¬ 
mulated,  one  can  reasonably  expect  to  realize  the 
advantages  of  both  higher  density  and  of  optimum 
uniformity  of  the  products. 

The  dynamic  elastic  constants,  as  measured 
here,  appear  to  be  more  sensitive  indicators  of 
product  uniformity  in  qualit}'  control  than  arc 
bulk  density  measurements.  How-ever,  in  the 
case  of  cold-pressed  and  sintered  specimens  in 
which  the  bulk  densities  are  within  a  few  percent 
of  the  theoretical  value,  for  example,  thorium  and 
uranium  dioxide.  Codes  10  and  19,  bulk  density 
appears  to  be  as  sensitive  a  criterion  as  the 
dynamic  elastic  constants. 

The  reported  information  for  the  various  types 
of  “stabilized”  zirconia  (sec.  3.2.9)  gives  one  oi  the 
very  few  examples  available  of  the  relative  values 


of  bulk  density  and  dynamic  elastic  constants  ns 
jn-oduction-control  measurements  for  materials 
that  are  difficult  to  fabricate.  The  bulk  density 
v allies  of  each  of  the  four  groujis  of  hot-jiressed 
specimens  (Code  1 1 )  show  little  variation.  The  co¬ 
efficient  of  variation  of  the  bulk  density  of  the  en¬ 
tire  code  of  18  specimens  is  only  jierceiit,  yet  the 
Young's  modulus  values  for  the  same  speeinuMts 
vary  from  1,101)  to  2, ().")()  kilobars,  ami  tlie  coeffi¬ 
cient  of  variation  is  on  the  order  of  MO  percent.  .\1- 
thougii  the  calculations  are  not  shown  in  table  15, 
the  two  groups  of  Code  IM,  when  considen'd  as  a 
whole,  show  a  coefficient  of  variation  of  less  than 
,'•>  percent  in  bulk  densities.  On  the  othiu-  hand, 
the  average  value  for  the  20  specimens  as  a 
whole  was  1,M80  kilobars  with  a  coefficient  of  varia¬ 
tion  of  only  8.M  percent.  In  the  set  of  specimens  in 
which  ilifficulties  were  encountered  from  lamina¬ 
tions  and  fissures  (Code  12),  the  coefficients  of 
variation  of  both  the  bulk  density  and  elastic 
modulus  values  are  low.  although  the  average  value 
of  Young’s  modulus  was  1 ,4SM  kilobars  compared 
to  1,.M80  for  the  average  of  Code  IM.  Although  it 
might  a|)])ear  facetious,  it  seems  possible  that  tlie 
Code  12  si)e<’imens  were  fabricated  with  uniform 
imperfections. 

inasmuch  as  the  precision  of  the  elastic  modulus 
measuri'ments  was  estimated  to  be  about  0.4  j)cr- 
cenfc  whereas  that  of  the  density  measurements 
was  estimated  as  about  0.2  percent,  it  is  pertinent 
to  inquire  to  what  extent  the  coefficients  of  varia¬ 
tion  of  these  two  properties  were  affected  by-  the 
precision  of  the  measurements  themselvi's.  Or, 
stating  the  problem  in  another  way,  it  is  necessary 
to  ascertain  whether  the  greater  variability  found 
foi  the  elastic  modulus  measurements  represents  a 
real  variation  from  specimen  to  specimen,  thus 
supporting  the  claim  of  greater  sensitivity  for  this 
method  as  an  indicator  of  specimen  uniformity,  or 
whetiier  this  increased  variability  was  not  merely 
a  reflection  of  the  lower  precision  of  the  dynamic 
measurements. 

The  equation  relating  the  contribution  to  the 
total  variability,  expressed  hei-e  as  Cj.,  in  a  property 
measurement,  from  that  due  to  the  variability  in 
the  measurement  itself,  o-,„  and  that  due  to  the 
variation  from  specimen  to  specimen,  o-*,  is  as 
follows, 

V„/-f  (75*  (10) 

or,  in  terms  of  the  coefficient  of  variation,  V, 


(17) 

In  this  investigation,  1V=1  percent  was  chosen 
as  the  criterion  of  acceptability,  V’„,=0.2  piucent 
for  density  measurements,  and  Fm=0.4  percent 
for  elastic  modulus  measurements.® 


•  Actually,  for  elastic  and  density  measurements  was  better  thim  the 
values  given.  In  a  normal  distrlbutlcn,  the  coolficlcnt  of  variation  includes 
about  34  percent  of  the  cases,  whereas  the  estimated  measures  of  precision 
would  probably  Include  more  than  80  percent  of  the  cases.  The  results,  then, 
make  tne  contribution  of  the  precision  of  the  measurements  to  1  r  even  smaller 
th:m  shown  in  the  text. 
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Therefore,  for  the  elastic  determinations 
1=V(0.4)*+F? 
and  ^,=0.92  percent 

for  density  measurements, 


of  a  different  material,  steel,  which  is  generally 
considered  to  be  much  more  uniform  With  respect 
to  this  same  property. 

Taking  Ei  whenever  available,  and  Efv,  other¬ 
wise,  the  following  summary  was  prepared  for 
all  the  materials  studied ; 


1=V(0.2)*+F? 

and 


F,=0.98  percent. 

Thus,  it  is  seen  that  for  a  coefficient  of  variation  of 
1  percent,  the  difference  in  precision  of  the  elastic 
modulus  and  density  measurements  b  a  negligible 
factor  since  in  both  instances,  by  far  the  greater 
contribution  to  the  coefficient  of  variation,  Vt, 
stems  from  a  real  difference  from  specimen  to 
specimen.  Furthermore,  as  the  coefficient  of  vari¬ 
ation  increases,  the  contribution  from  the  precbion 
of  the  measurement  ^ws  increasingly  sm^er. 
Conversely,  the  contribution  from  the  precbion 
of  the  measurements  grows  larger  for  coefficiente  of 
variation  less  than  1  percent.  However,  thb  b  of 
no  practical  importance  since  all  coefficients  of 
variation  of  1  percent  or  less  were  considered 
“acceptable”  without  regard  to  degree.  However, 
for  those  elastic  constants  which  were  more  in¬ 
directly  computed,  such  as  n  and  K,  and  hence 
of  decreased  precbion,  the  1  percent  coefficient  of 
variation  as  a  criterion  becomes  much  less  signifi¬ 
cant  as,  in  these  cases,  the  contribution  of  the  pre¬ 
cbion  of  the  measurement  becomes  more  important 
and  may  overshadow  any  real  specimen  vanability. 

The  problem  may  also  be  approached  in  an¬ 
other  way,  as  follows:  If  a  1  percent  coefficient 
of  variation  is  set  as  a  criterion  of  acceptability 
for  density  measurements  and  the  precision  of  this 
measurement  is  0.2  percent  and  the  contribution 
of  y,  is  found  to  be  0.98  percent  then  what  would 
be  an  equivalent  coefficient  of  variation  to  set  for 
elastic  modulus  measurements?  These  have  a 
precision  of  0.4  percent  and  F,  is  also  0.98  percent. 
The  coefficient  of  variation  under  these  conditions 
is  obtained  from 

Fr=V(0.4)*+(0.98)*=1.05%. 

Thb  value  is  seen  not  to  be  significantly  different 
from  the  coefficient  of  variation  actually  set  and 
groups  of  specimens  having  such  a  coefficient  of 
variation  would  indeed  be  classed  as  borderline 
cases  of  acceptability. 

In  addition  to  its  use  as  an  indicator  for  de¬ 
termining  the  uniformity  of  production  for  par¬ 
ticular  groups  of  specimens,  it  b  interesting  to 
estimate  the  variability  of  the  elastic  moduli  of 
all  the  materiab  of  thb  investigation,  taken  as 
a  whole;  and  to  compare  this  variability  with  that 


Range  in  coefficient 
of  variation 
Oto  1% 
0to2% 

0  to  2.5% 

Oto  3.0% 


Percentage  of 
specimens 
44 
62 
72 
81 


Analagous  data  for  steel  is  not  readily  found. 
However,  one  study  [21]  gives  the  following  results 
for  specimens  of  “black  sheet  steel”:  V,  for  speci¬ 
mens  cut  in  direction  of  rolling=2.4  percent. 
Average  of  E=  1,962  kilobars;  V,  for  specimens  cut 
transverse  to  direction  of  rolling=2.6  percent, 
average  of  E=2,053  kilobars;  V,  for  specimens 
taken  as  a  single  group,  3.3  percent,  average  value 
of  E=2,006  kilobars.  Thus,  it  is  seen  that,  if 
either  value  of  F  for  steel  is  taken  for  comparison, 
about  70  percent  of  all  the  specimens  of  this  in¬ 
vestigation  would  be  included,  and,  if  the  coef¬ 
ficient  of  variation  of  all  the  steel  specimens  with¬ 
out  regard  to  direction  of  rolling  had  been  taken 
for  comparison  (which  seems  more  reasonable), 
then  more  than  80  percent  of  all  the  materials  of 
this  investigation  would  be  included.  These  data 
[21]  were  for  only  one  type  of  steel  and  may  not  be 
representative.  But,  if  they  are  at  all  indicative, 
then  the  materials  of  thb  investigation,  as  a  whole, 
compare  favorably  with  a  material  which  has 
traditionally  been  regarded  as  quite  uniform. 

It  is  believed  that  the  present  study  shows  that 
a  relatively  simple  statistical  approach  can  be 
valuable  not  only  to  the  designers  and  engineers, 
but  also  to  the  fabricators  and  suppliers.  One 
of  the  main  deterrents  to  the  use  of  ceramic  and 
cermet  materials  in  many  applications  where  they 
seem  to  be  potentially  useful  is  the  lack  of  knowl¬ 
edge  of  the  physical  properties  and  constants  of 
these  materials,  and,  when  such  information  is 
available,  the  lack  of  confidence  in  the  uniformity 
or  reliability  of  the  reported  values.  A  great  deal 
of  information  on  product  uniformity  could  be 
provided  by  the  fabricators  and  suppliers,  usually 
without  additional  expense,  by  statistically  ana¬ 
lyzing  the  data  that  are  already  available  to  the 
manufactmrer. 


The  author  thanks  Jack  Shartsis  for  performing 
most  of  the  computations,  Nancy  Tighe  for  per¬ 
forming  some  of  tne  later  experiments  and  calcula¬ 
tions,  and  Robert  S.  Roth  for  performing  the  X- 
ray  analysis. 
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Appendix  I.  Statistical  Treatment  of  Data 


The  following  description  is  not  intendetl  as  a 
basic  exposition  of  the  statistical  concepts  in¬ 
volved  but  rather  as  an  aid  to  those  who  might 
desire  to  perform  the  same  (or  similar)  calcula¬ 
tions  and  wish  to  have  some  understanding  of  the 
significance  of  the  results.  All  of  the  computa¬ 
tions  used  in  this  report  are  discussed  and  de¬ 
scribed  in  decail  by  Youden  [22]  and  Dixon  and 
Massey  [23]. 

Let  “x”  represent  a  value  of  any  property  in 
one  group  of  specimens,  “y”  represent  a  value  for 
the  same  property  of  another  group,  “x”  repre¬ 
sent  the  average  value  of  any  property  of  the  first 
group,  “y”  represent  the  average  value  of  the 
same  property  of  the  second  group,  represent 
the  number  of  values  determined  for  any  property 
in  the  first  group,  and  “m”  represent  the  number 
of  values  determined  for  the  same  property  of  the 
second  group;  then  statistical  calculations  (based 
upon  the  assumption  that  the  sets  of  data  of  all  of 
the  determined  properties  of  the  materials  follow 
follow  the  normal  distribution  law)  are  performed 
according  to  formulas  (A),  (B),  (Cl,  and  (D) 
which  apply  to  the  first  group.  Similar  formulas 
with  X  replaced  by  y  apply  to  the  second  group. 
Parts  (E)  and  (F)  apply  to  both  groups. 

(A)  Standard  deviation  of  an  individual  deter¬ 
mination  = <S= V^’^^riance 


(a;f-l-3l+  . . .  -hxS)  — (^+^-2+  ■ .  ■  +Xn)Vn 
n— 1 

(B)  Standard  deviation  of  the  average  of  “n.” 

g 

individual  values=<S"=-p 

Vn 

o 

(C)  CoeflBcient  of  variation F,  in  %=:^(100) 

(D)  Ninety-five  percent  confidence  limits 

(C.  L.)  for  the  average  are  given  by 

x±S't  in  %  =-p- 
\n 

Where  t  is  the  upper  2.5  percent  point  of  the  t  dis¬ 
tribution  for  n— 1  degrees  of  freedom.  If  such 
limits  are  calculated  for  many  sets  of  data,  there 
will  be  approximately  95  percent  of  the  sets  for 
which  the  limits  enclose  the  true  average. 

(E)  The  F-test,  essentially,  is  a  method  for 
comparing  the  “precision”  of  two  sets  of  data  for 
the  same  property.  It  provides  one  with  a  cri¬ 
terion  for  determining  at  a  selected  confidence  level 
whether  a  significant  difference  exists  between  the 


scatter  of  two  (or  more)  sets  of  data;  that  is, 
whether  the  groups  (or  materials,  etc.)  used  to 
obtain  that  data  are  of  a  different  degree  of  vari¬ 
ability.  In  this  study,  the  95  percent  confidence 
level  was  used.  The  F-n umber  that  is  calcu¬ 
lated  from  the  expression. 


where  Sa^  is  always  the  larger  number  of  the  tw’o 
being  examined,  is  compared  to  tabulated  critical 
F-vaiues.  The  tabulated  critical  F-value  selected, 
is  in  this  situation  that  for  the  upper  2.5  percent 
point  of  F.  If  the  calculated  value  is  higher 
than  the  critical  value,  a  significant  difference 
does  exist. 

(F)  The  t-test,  essentially,  is  a  method  for 
comparing  the  “accuracy”  of  two  sets  of  data  for 
the  same  property.  The  <-test  should  be  applied 
to  the  data  of  two  groups  only  when  the  F-test 
has  shown  that  these  data  sets  are  of  comparable 
variability.  The  t-test  provides  one  with  a  cri¬ 
terion  for  determining  whetlier  a  significant  dif¬ 
ference  exists  ^  a  seketed  confidence  lev^el  between 
two  averages,  x  and  y,  on  the  basis  of  the  spread  of 
the  individual  values,  and  Sy,  used  to  compute 
those  averages.  This  test,  however,  does  not 
allow  one  to  determine  the  accuracy  of  either  x  or 
y  unless,  of  course,  the  true  value  is  known. 

As  is  the  case  with  the  F-test,  the  t-value  that 
is  calculated  is  compared  to  tabulated  critical 
t-values  and,  if  the  calculated  value  is  higher 
than  the  critical  value,  a  significant  difference  does 
exist  (see  the  similar  discussion  of  significance 
under  subsection  (E),  preceding).  The  calculated 
value  is  obtained  from  the  expression 

x—y  InXm 
Sy 

with  n+m—2  degrees  of  freedom,  where  Sp  is 
the  pooled  standard  deviation  of  the  individual 
values  of  both  groups,  5*  and  Sy,  and  is  obtained 
from 

O  (Z)x<)Vn]+[Z)y«-  (J2yt)Vm] 

Diu-ing  the  early  part  of  this  study,  it  was  a  part 
of  the  computation  procedure  to  perform  the  F 
and  t-tests  to  compare  the  values  of  F,,  £)„,  and 
Efe,  in  pairs,  and  those  of  fii  and  Veiy  rarely 
were  significant  differences  found  to  exist  and, 
therefore,  the  time-consuming  calculations  were 
neglected  for  at  least  the  latter  half  of  the  data 
obtained.  However,  occasional  check  calculations 
were  made,  but  the  results  of  such  comparisons 
within  a  group  are  not  included  in  this  compilation 
of  data. 
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The  preceiling  relations  could  be  applied  to  tlie 
data  obtained  in  this  investigation  in  several  ways. 
The  appi-oach  selected  is  given  as  follows.  Each 
of  the  suppliers  of  materials  for  the  “bank”  was 
asketl  to  prepare  his  specimens  in  either  of  two 
waj's:  (1)  Compound  the  same  starting  composi¬ 
tion  at  two  different  times  but  fabricate  ea<h 
gi-oup  identically;  or,  (2)  compound  one  large 
quantity  of  the  starting  composition  and  fabricate 
each  group  separately.  All  fabrications  were  to 
achieve  the  ma.ximum  practical  bulk  density  and 
it  was  to  be  uniform  throughout  the  specimens. 

The  calculations  of  the  standard  deviation  of  an 
individual  measurement  of  each  group  and  the 
coefficient  of  variation  for  all  of  tlie  properties 
permits  one  to  use  the  reliability  of  the  measure¬ 
ments  of  any  property  as  a  criterion  for  deter¬ 
mining  the  product  uniformity  or  acceptability. 
'Pliat  acceptability  may  be  based  upon  an  arbitrary 
or  specified  standard  variation.  If  average  values 
were  determined  repeatedly  and  if  in  each  instance 
95  percent  confidence  limits  were  calcidated  for  the 
average  value,  then  in  the  long  run  we  would 
expect  that  95  percent  of  the  confidence  limits 
would  include  the  true  average  value. 

Application  of  the  F-  and  t-tests  to  the  data 
obtained  from  specimens  prepared  under  the 
first  condition  allows  one  to  state  that  there 
was  or  was  not  a  significant  difference  in  the 
compounding  procedures  of  the  same  nominal 
composition  at  different  times.  In  a  similar  way 
the  F-  and  f-tests  can  show  whether  or  not 
the  fabrication  differences  (such  as  heating  at 
different  times,  or  in  different  types  of  furnaces, 


or  at  different  temperatures  in  the  same  fuinace) 
had  a  significant  effect  on  either  the  scatter  of 
the  values  obtained  or  the  average  of  the  property 
values  determined. 

This  series  of  statistical  computations  has 
another  important  value.  Some  of  the  suppliers 
of  the  specimens  for  this  “bank”  took  the  oj)por- 
tunity  to  fabricate  specimens,  from  the  same  batch 
composition,  both  in  the  laboratory  and  on  the 
production  line.  Here,  tlien,  was  an  excellent 
o})portunity  to  evaluate  the  results  of  a  laboratory 
or  ])ilot-])lant  experiment  and  a  i)roduction  run. 
It  seemed,  therefore,  tliat  the  statistical  methods 
described  should  be  of  considerable  interest  for 
many  types  of  laboratory  and  production-control 
evaluations. 

When  it  was  shown  tliat  a  significant  tliff'ereiice 
existed  for  tlie  /'-test,  it  was  concluded  that  the 
materials  were  not  of  conqiarable  variability  diu*  to 
a  variation  either  during  the  compounding  or  the 
fabrication  stages  depemling  upon  the  production 
conditiotis.  Ihider  these  conditions,  one  must 
logically  conclude  that  the  <-test  is  not  ajiiili- 
cable  because  the  materials  of  each  grouj)  were 
not  of  comparable  scatter  (/-test  results). 

Briefly  then,  uiuler  the  conditions  imposed,  the 
results  of  the  /’-test  show  whether  material  of 
comparable  variaiiility  is  produced,  and  the  t~ 
test  shows  whether  it  can  be  supplied  with  re- 
prodticiiile  properties  from  time  to  time.  It 
must  be  re-emphasized  tliat  one  must  not  blindly 
apply  such  conclusions  to  groujis  of  data  for 
which  other  conditions  may  have  been  varied. 
The  F-  and  /-tests  are  not  as  restrictive  as  may 
be  implied  from  this  discussion. 


Appendix  II.  Tabular  Information 


The  locations  of  the  tabular  data  for  each  ma¬ 
terial  discussed  in  the  previous  sections  of  this 
report  are  presented  below. 

Page 


Table  7 — Data  for  AhOs _ _  22 

Table  8 — Data  for  Ruby  AI2O3 _  24 

Tabic  9 — Data  for  MgO _  24 

Table  10 — Data  for  Mullite — SAljOa  ^SiOj _  26 

Table  11 — Data  for  Mullite -f- ZrOj _  26 

Table  12 — Data  for  Spinel — MgO-  AljOa _  28 

Tablets — Data  for  ThOj.. . .  30 

Table  14 — Data  for  UO2 _  30 

Table  15 — Data  for  “Stabilized”  Zr02 _  32 

Table  16 — Data  for  AlaOs+Cr _ _  34 

Table  1 7 — Data  for  TiC  4-Ni _ _ _  36 

Table  18 — Data  for  B4C _  36 

Table  19 — Data  for  B4C-|-TiB2 _  38 

Table  20 — Data  for  SiC _  38 

Table  21 — Data  for  SIC -I-B4C _  40 

Table  22 — Data  for  ZrC _  40 

Table  23 — Data  for  ZrBa _  42 

Table  24 — Data  for  MoSh _  42 

Table  25 — Data  for  NiAl _  44 


The  symbols  in  the  tables  have  the  following 
significance ; 

.Fi= Young’s  modulus  from  the  longitudinal  resonant 
frequency. 

.E/„=Young’s  modulus  from  the  floxur.al  resonant 
frequency  in  flatwise  vibration. 

Ert=Yonng,'s  modulus  from  the  flexural  resonant 
frequency  in  edgewise  vibration. 

(7=  Shear  Modulus. 

Poisson’s  ratio  using  Ei  and  G. 

afi»=  Poisson’s  ratio  using  Efu,  and  G. 

lift—  Poisson’s  ratio  using  Ef,  and  G. 

K|=Bulk  modulus,  using  Ei  and  fti. 

Kf„=Bulk  modulus,  using  E/^  and  nf„. 

Underlined  F  and  t  values  indicate  that  a  significant 
difference  exists  between  the  compared  groups. 

The  F  and  t  ratios  marked  with  an  asterisk  indicate 
that  the  comparison  has  been  made  with  the  critical 
value  similarly  marked.  Two  critical  values  derive  from 
the  fact  that  in  choosing  this  tabulated  (critical)  value 
different  numbers  of  specimens  are  involved. 
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Tabi-E  1.  Materinh,  source,  nnd  ijeueral  fabrication  data 


MateriA 

Nominal  composition 

Code 

No. 

Source 

No.  of 
specimens 

No.  of 
groups 

Reported 
purity  I 

Manul 

Designation* 

uelurer’s 

Conlroi  No. 

Fal>i  ica 
lion  • 
iuelbo<.i 

Temi*oraliire 
of  lieaiing  ^ 

Alumina . 

AljOs 

1  1 

» 

20 

0  , 

99-f- 

C-5t’t33 

HP 

^  C. 

2 

H 

20 

2 

98+ 

LA  7305 

OH  i 

1.  725 

3 

11 

5 

1 

99+  ' 

LA  003 

CP 

1.  7.^1 

4 

11 

29 

2 

99+ 

LA  603 

OH  1 

1,750 

5 

F 

11 

1 

Pure 

5»)2V 

OH  ' 

1. 050 

14  , 

F 

12 

1 

\itreous 

555y 

1.  tM) 

15 

G 

8 

j 

99.9 

OH 

1, 800 

2ti 

G 

14 

2 

99.9 

OH 

1.  800 

27 

Q 

1 

99  9 

OH 

1.800 

(W.5?J  AliOs-t-0.5  CrjOi 

6 

F 

5 

1 

A33A 

OH 

1,800 

98.5  A1jOi-(-1.5  Cr20a 

F 

6 

1  i 

A34A 

CV 

1. 800 

9  ' 

11 

29 

2 

Fust^i 

.\1  202 

0  H 

1.7St) 

•MgO 

23  ' 

Q 

10 

2 

99.9 

OH 

1. 8(M.) 

24 

a 

11 

2 

99.9 

. 1 

c'H  ; 

1.8(H) 

25 

G 

14 

2 

99.9 

CP 

1,  800 

MuUite . 

3.Ala0i-2S10s 

10 

11 

20 

5 

r-5<>57  ' 

HP 

(1,750 ; ) 

17 

F 

8 

1 

rv 

l,05i) 

18 

F 

10 

1 

CP 

1.050 

MulUto+zlrconla . 

3Ala0i.2S10i-t-Zr0i 

22  1 

F 

10 

1  1 

397Z  1 

OH 

.MgOAliOi 

20 

11 

20 

5  * 

i 

r-5tvJ3 

HP 

(1.850+) 

21 

11 

18 

2 

. 1 

431927 

CH 

1.  785 

Thoria . . 

ThOj-i-0.5%  CaO 

10 

11 

17 

2 

431924 

OH 

1.785 

51 

G 

10 

CP 

1,800 

Urania . . 

UOj 

19 

c 

6 

1  ^ 

99.9 

MCW  i 

CH 

1,750 

19a 

a 

1 

1 

99.9 

Nlli-ppt 

CP 

1,750 

Stabilized  zirconla. . . 

7.TOi+i%  CaO 

11 

H 

18 

4 

r-5rt33 

HP  1 

(2. 000+) 

12 

H 

20 

2 

L/.7590 

CP 

1,720 

1 

13 

11 

20 

2 

LZ604 

CP 

(1,700+) 

Chromium  bonded  alumina 

AliOs-l-Cr 

28 

D 

20 

2 

LT-l 

MT895/823 

Cast 

(1.600) 

Chromium  bonded  alumina 

AljOj-l-Cr-l-Mo-f-TlOj 

29 

D 

19 

1 

LT-in 

Mixed 

Cast 

(1,600) 

(modified). 

30 

D 

20 

2 

LT-IB 

4168/1C9 

Cast 

(1,000) 

Nickel  bonded  titanium 

TlC-(-Nl 

31 

E 

20 

2 

K150B 

3010/3011 

CP 

1, 300  to  1,  .’>00 

carbide. 

32 

E 

20 

2 

K1511) 

2459/SC297 

CP 

1, 300  to  1, 500 

33 

E 

20 

2 

K152B 

2697/2739 

CP 

1.300  to  1,500 

34 

E 

as 

2 

KI62B 

2752/2889 

CP 

1,300  to  1,500 

BiC 

44 

H 

20 

2 

1  X431925 

HP 

Boron  carbide titanium 

B4C+T1Bi  (82/18  vol) 

43 

H 

1  20 

4 

115592 

HP 

boride. 

SIC 

35 

11 

19 

2 

5347/5343 

CP 

45 

B 

17 

2 

KT 

CP 

(1. 800-1-) 

Silicon  carbide — boron  car* 

S1C-|-B,C  (90/10  wt) 

37 

H 

20 

4 

C-5572 

HP 

bide. 

Zirconium  carbide . . 

ZrC 

38 

H 

20 

6 

C-5633 

HP 

Zirconium  dbborlde.. . . 

ZrB] 

41 

H 

20 

4  : 

5572/5592 

HP 

42 

A 

20 

2 

101 

178-10/20 

CP 

(2,000-1-) 

Molybdenum  dlslUclde _ 

MoSli 

39 

H 

19 

6 

2372/5592 

IIP 

Nickel  aluminlde . 

NlAl 

40 

A 

14 

2 

1505 

927  A/B 

CP 

(1.500-1-) 

*  HP  represents  hot-pressed  in  graphite  mold,  CP  represents  cold-pressed  and  sintered,  and  Cast  represents  slipcast  and  sintered. 
i>  The  heating  temperatures  given  in  parenthesis  are  approximate. 
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Tablb  2.  Room  temperature  dynamic  elastic  constants  for  AU0| — Code  4 


Specimen 

P 

V. 

Bi 

Ef. 

E/a 

0 

Pi 

M/w 

A'l 

K,. 

4.1 . 

tiena 

3.829 

m/ssc. 

9690 

KUohart 

•3601.3 

Kllobart 

3684 

Kilebart 

3693 

Kilobarf 

1447 

0.244 

0.238 

Kilobati 

2348 

Kilobars 

2280 

4.2 . 

3.813 

9649 

3660.2 

3623 

3637 

1425 

.246 

.236 

2330 

2228 

4.3 . . 

3.831 

9696 

3601.7 

3578 

3683 

1445 

.246 

.238 

2363 

2273 

4.4 . 

3  810 

9636 

3637.3 

3609 

3646 

1421 

.245 

.236 

2311 

2206 

4,5 . 

3.819 

9679 

3677.3 

3555 

3663 

1437 

.245 

.237 

2334 

2251 

4.6 . 

3.828 

9682 

3688.3 

3566 

3571 

1439 

.247 

.239 

2361 

2276 

4.7 . 

3  826 

9673 

3579,3 

3650 

3662 

1437 

.245 

.235 

2340 

2233 

4.8 . 

3.824 

9684 

3686.5 

3666 

3673 

1441 

.244 

.237 

2338 

2263 

4.9.  -  _ 

3.831 

9714 

3616.2 

3599 

3608 

1449 

.248 

.242 

2386 

2324 

4.10 . 

3829 

3596.5 

3574 

3584 

1441 

.248 

.240 

2378 

2292 

Average . — 

3824 

9680 

3683. 36 

3661 

3672 

1438 

0.246 

0.238 

2349 

2263 

96%  C.L . 

17 

18.3 

20 

15 

7 

0.  001 

0. 002 

17 

25 

Std.  dev . 

23 

25.54 

28 

21 

9 

0.001 

0. 002 

23 

35 

Coef.  var . 

0.2% 

0.  71% 

a  8% 

0.6% 

0  6% 

0.5% 

0.9% 

1. 0% 

1.5% 

4.11 . 

3.832 

9694 

•3600.7 

3583 

3592 

1446 

0.246 

0.239 

2356 

2291 

4.12 . 

3  816 

9663 

3356.7 

3532 

3546 

1428 

.245 

.237 

2323 

2236 

4.13 . 

3  816 

9683 

3577.3 

3552 

3664 

1436 

.241 

.233 

2307 

2215 

4.14 . 

1  1  i|| 

9688 

3694.4 

3572 

3682 

1444 

.245 

.237 

2346 

2263 

4.15 . 

3.819 

9673 

3372.  7 

3642 

3556 

1433 

.247 

.236 

2351 

2236 

4.16 . 

3  821 

9677 

3577.  8 

3649 

3566 

1436 

.246 

.236 

2347 

2239 

4.17 . 

3. 817 

9667 

3567.7 

3636 

3650 

1433 

.245 

.234 

2329 

2214 

4.18 . 

3.819 

9668 

3669.3 

3546 

3651 

1432 

.246 

.238 

2342 

2265 

4.19 . 

3834 

9691 

3600.5 

3680 

3688 

1446 

.246 

.238 

2352 

2275 

4.20 . 

3.820 

9677 

3577.1 

3660 

3555 

1437 

.246 

.236 

2338 

2239 

.Average . 

3822 

9677 

3579. 32 

3664 

3666 

1437 

0.245 

0.236 

2339 

2246 

96%  C.L . 

3006 

9 

10.6 

13 

12 

4 

0.001 

0.001 

11 

18 

Std.  dev . 

3007 

12 

14.84 

18 

17 

6 

0.001 

0.002 

15 

25 

Coef.  var . 

0.2% 

0.1% 

0.41% 

0.6% 

0.5% 

0.4% 

0.  6% 

0.8% 

0.7% 

1.1% 

F-test; 

4.03 

Critical . 

4.03 

4.03 

4.03 

4.03 

4.03 

4.03 

4.03 

4.03 

4.03 

Calculated... 

1.16 

3.69 

296 

2  37 

1.62 

220 

1. 13 

1.30 

2.26 

2.01 

t-test; 

2  10 

Critical . 

310 

210 

2  10 

210 

2.  10 

2  10 

2. 10 

2. 10 

Calculated... 

379 

339 

0.43 

0.60 

0.84 

0.36 

1.30 

1.64 

1. 13 

0.42 

‘These  data  are  reported  to  give  figures  only  tor  the  purpose  of  illustrating  the  statistical  computations  shown  in  table  3. 


Table  3.  Statistical  calculations  Jor  AljOs 


Young’s  modulus  Bt— Code  4» 


Computation 

Group  I 

(Specimens  1  to  10) 

Group  II 

(Specimens  11  to  20) 

Aversge>i>totaI/no.  values 

36833.6/I0>  3683.36 

1  35793.2/10-  3579.32 

1 

128,400.842.1 

128,117,298.2 

.  .  .  i.)Vn 

128,403,972.2 

128,115,316.6 

S3:*— (Sr,)  /n«-4 

Deg.  of  freedom  "No.  determ- 

6869.9 

1981.6 

{nations -1 

10-1"9 

10-1-9 

S>-Aln-t 

5869.9/9>662.2 

1981.6/9-  220.2 

Standard  deviation-S> 
Coefficient  of  variation 

26.64 

14.84 

SXlOO 

25,54X100  _ 

14,84X100  _ 

X  1 

3583.35 

3679.32 

96%c.l.  =  S* 

25.54X0.7153=18.3 

14.84  X0.7153=10.6 

f-test  F-s'ls\  where  s’ is  larger  of  the  two. 

■  b  • 


B-652.2/220.2—  2.96  IThere  is  no  significant  difference  between 
Critical  value  of  f-4.03/  the  scatter  of  group  I  and  group  II. 

f-test  ’'^*^**  n+jn-2  deg.  freedom 


3583.36-3679.32  /lOXlO 
20.89  "V  KH-fO’ 

Critical  value  of  <>2.10 


0.43 


There  is  no  significant  difference 
,  between  the  average  values  of 
group  I  and  group  II. 


•  The  actual  data  records  each  value  to  the  least  one  significant  figure  more 
than  those  given  in  table  2. 
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Table  4.  Bulk  dennity  and  dynamic  elastic  constants  calculations  fur  specimen  4-1 — eee  table  2 

Length =f=lS.2S3  cm;  wiilth  =  tt’  =  l,270  cm;  e<lgc  =  f=0.8359  cm. 

Wclght-47.l55i  greuns. 

Resonant  frequencies;  longitudinal,  f  i>31,792  cps. 

fle.\ural  flatwise,  F/a  *=2,700  cps. 
fleiural  edgewise,  Ft,=S,30Z  cps. 
torsional,  fi-U.Mgcps. 


Volume  =-(15.2S3)(1.270)(0.6359)  -12.318  cm>. 

Corrected  mas8-(massX0.9e986)+(volumeX0.00l2)-(47.1S5SX0.99986)+(12.31SX0.0012) -47.1633  grams. 
Bulk  ientUs,  P-Af/ V-^j^^-3.829  gm/cm‘. 

Ymng’»  modulus,  Ei^  v|p,  where  V’.-2ifi=2(15.2a3)(31,782)(IO'>)*=9,69»  m/sec. 

Ki-  (9,699)>(3.829)  (10-«)ln*=3,601  kllobars 
or  &-41i/’|ip-4(18.2S3)*(31,792)«(3.829)(10-»)*-3,601  kllobars 
^  ^ _ e/ip+w/s _ ^ 


Shear  modulus,  fl—Afi'VB  where  fl= 


k4(c/w)  +2.S2(«/ic)»+0.2U<)'te)« , 


■  137.307  cm-‘ 


O- (47.1633)  (14,948)r(137.307)a0-*)  -1,447  kUobars 


Poisson’s  ratio,  1=0.244 


20  2(1,447) 

(Average  value  of  mi  for  this  group  is  0.246) 


Bulk  modulus,  K i  ■ 


E, 


3,601 


3(1-2mi)  3(1-2(0.244)1 
Young’s  modulus,  iS/,-9.464X10-''>  MF»lw  ~  (y)* 


-2,348  kUobars 


where  T=  1.01182 

r/.-»^'-0.012035 

M-0.246 


f:/.-(9.464X10-">)(47.1633)(2.700)»  (5^)’  (10138) -3,384  kllol-ar.s 

Young’s  modulus,Ert  — 9.464X10"'®MF!(e 3’i 

ri  +  (0.26)(0.246)+(3.22)(0.246)«(0.024036)l  _ 

whore  T.-1.01182  - i+(o.i328)(0.02'4036) - 

£/,=  (9.464X10-'") (47.1633) (5,302)>  (5^)(7^)*  (1  0511) -3,593  kllobars 

Poisson’s  ratio,  ^ ~  1** o — 1  - 0.238 


2  0  2(1,447) 


Bulk  modulus.  K/.= 


E,. 


3.584 


3(1-2m/-)  3(1-2(0.238  1 


,—2,280  kllobars 


cm  mctprs  dvAfiS 

'  The  factors  10^,  10-",  and  IO-*  are  necessary  for  the  conversion  of  the  units  given,  such  as  —  to -  for  V,  and  — ■  -r-  to  kllobars  for  elastic  moduli. 

sec  sec  cm’ 
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Table  5.  Summary  of  X-ray  diffraction  and  bulk  density  data 


X-ray  examination 

Theoret- 

Bulk  density 

Material 

Code 

ical 

Ueusifl- 

Phases  present 

Latt  ice  constants 

Structure 

density 

Group 

No.  spec. 

Avg. 

catiun 

.4 

glcm‘ 

g/cra* 

AhOi 

1 

Single  phase . 

a«4.7Sg| 

Ilex. 

3.986 

.411 

20 

3.942 

99 

C»  12.993 

2 

Single  phase . . . . 

a»4.759« 

Ilex. 

3.985 

1 

10 

3.714 

93 

c  =  12.»6i 

11 

10 

3.584 

90 

Kuby  AIiOi 

6 

a»4.760i 
c»  12.993 

Ilex. 

3.991 

5 

3.  728 

93 

7 

a«4.758i 

C«I3.UU3 

Hex. 

4.004 

5 

3.  661 

91 

MgO 

MuUlte; 

24 

MgO . . 

a=4.2125 

Cubic 

3.600 

I 

0 

3.  502 

97 

3AliOr2StOi 

16 

Ortho. -f- 

liex. 

All 

20 

2.963 

17 

Single  phase . 

Ortho. 

8 

2.  771 

18 

Single  phase . 

10 

2  779 

Mullite+ZrOt 

22 

Mullitc  plus  about  20%  monocllnle 
ZrOi,  no  zircon. 

Ortho.-(- 

.Mon. 

10 

2. 768 

Spinel: 

MgO'AbOt 

20 

Spinel  plus  small  excess  MgO. 

a=8.082» 

Cubic 

3.580 

AH 

20 

3.510 

98 

21 

a»8.085o 

Cubic 

3.  570 

1 

8 

2. 451 

09 

11 

10 

2.  522 

71 

ThOjo 

10 

a=5.596ti 

Cubic 

9. 821 

I 

9 

9.  722 

99 

II 

8 

9. 

98 

51 

9.820 

10 

9.  702 

99 

UOi 

19 

UOa . - . 

a =5.471 

10. 949 

I 

5 

10.  37 

95 

Stab.  ZrOi 

11 

single  phase  solid  solution . 

a=5.n9s 

Cubic 

5.  754 

All 

18 

5.034 

98 

12 

Solid  solution  plus  small  amount 

a=5.1173 

Cubic 

5.  702 

I 

10 

4.900 

80 

monoclinic  Zr02. 

11 

10 

4.971 

80 

Ali03-f*CP 

28 

Cr-(-faint  peak;  poor  pattern  hecaus<> 
Cr  smear. 

Cr,  a-=2.88-l- 

I 

10 

5.958 

11 

10 

5.944 

29 

Cr+AljOj  (see  Code  28) . 

Or,  a*. 2.936 

TIC,  a=4.3254 

19 

0.053 

TIC+NI 

31 

TiC-f-(Nl) . 

Cubic 

t  5.430 

I 

10 

5.341 

98 

II 

10 

5.343 

98 

32 

TlC+Nl . 

TiC,  a=4.330i 

Cubic 

>>5.  800 

I 

10 

5.654 

97 

II 

10 

5  .  .44 1 

96 

33 

TIC-I-NM . 

TlC,a=4.332j 

Cubic 

»  6. 174 

1 

10 

5. 8<>2 

95 

11 

10 

5.821 

94 

34 

TiC+Nl . 

TiC,  a-4.331i 

Cubic 

*>  0.  307 

I 

10 

5. 723 

90 

10 

5. 882 

92 

BiC 

44 

B,C-)-Cg . 

Ilex. 

I 

10 

2.506 

B,C+TiBi 

43 

B(C-l-TlBj . 

„  /a=-5.61 

IC=  12.07 
'Tin  (0=3.028 
‘'"-lc=3.228 

Ilex. 

11 

5 

2.815 

SIC 

35 

Mixture  of  cubic  and  several  hexag¬ 
onal  poly  types. 

I 

10 

2. 576 

11 

9 

2.590 

45 

1 

9 

3. 103 

11 

8 

3. 128 

SiC+BxC 

Same  as  Code  35  plus  H<C . 

All 

20 

3. 082 

ZrC 

38 

a=4.9865 

6.601 

.Ml 

20 

6.  118 

92 

ZrBi 

41 

ZrBj  ami  few  unknown  peaks . 

Hex. 

6. 102 

All 

20 

5.  585 

92 

c=3.536« 

42 

I 

10 

4.  5x')7 

II 

10 

4.  524 

MoSit 

39 

a=3.20 

Tetragonal 

6.20 

I 

4 

5.987 

95 

c*7.85 

NlAl 

40 

a= 4.082* 

Cubic 

8. 382 

I 

10 

5.  703 

09 

II 

4 

5. 656 

68 

*  Values  based  upon  the  calculated  bulk  density  and  the  theoretical  density  calculated  from  the  N  BS  lattice  constant  determination. 

>>  Values  based  upon  the  assumption  that  no  reaction  occurs  between  the  two  phases  present  and,  therefore,  that  they  are  ‘‘mechanical"  mixtures. 

•  These  high  density  materials  contain  H  wt  %  CaO. 
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Table  0.  Su/ni/a  ry  of  the  ilynaMie  elastic  ronslunts  ami  other  phijsieal  coiistouls  • 


Material 

Code 

1  Kahrica- 

1 

Hulk  di'iisily 

Speed  »>f  ^(Huul 

!  Yomni’s  m«Miulii> 

81u-;ir  inotiulus 

IVllV'I.H',' 

Hulk  niiHlulu^ 

1 

tiun  L> 

1 

1 

! 

1  111  lO 

■ 

gjcih* 

tbifa 

misec 

ftisec 

Kilobar»  « 

1  /Mi 

1  k'tliihfirs 

1  /MJ 

h  ilithiirit 

/'vi 

tliO> 

1 

HP 

3.  942 

24ti.  1 

(■110,0201 

(32. 870) 

1  (3.958* 

1  (57. 4lXIO«» 

j  1.5<*5 

1  22.  roKKr 

(II  2.vt 

t2,645 

(.38  .iirXlO*) 

27 

CP 

3.901 

243.  7 

(9.  MO) 

(31.300) 

(3.  .555) 

(51  5li) 

!  1.4.53 

1  2107 

221 

(2.  12**. 

CM)  88) 

2H 

I'P 

3.  902 

243.  0 

(9.900) 

(32.  4801 

(3.824) 

!  (55. 4t»)i  l.M<S 

1  22.  45 

(.  2;si> 

12.415 

(3.5.  (3) 

4 

CP 

3.  824 

2;i8.  7 

9.  (MO 

31.700 

3.583 

51.  97 

!  1.438 

20.  8»i 

.  29. 

2.  349 

34  (i7 

3 

CP 

3.  825 

238.8 

9,  075 

31,740 

3.580 

51.  92 

1.  415 

■2.1  ‘«1 

.  •2:(9 

2.  2k9 

3.3-  20 

2 

CP 

3.714 

231.9 

9,  301 

.10.  no 

3.  255 

47.  21 

1.321 

19  16 

I  .  232 

2.  0)K 

29  27 

14 

CP 

3.  470 

210.  6 

8.  (iTO 

28.  4(i0 

2. 612 

37.88 

1  1.0»)7 

15.  4k 

.  -224 

.  1.579 

22. 

15 

i'\* 

3.  335 

208.2 

8. 340 

27.  m) 

2,317 

33.  61 

1  977 

11  17 

,  1K7 

1  1.-235 

17.91 

5 

CP 

2.  850 

177.9 

0,  230 

20.  4('>0 

1.  m 

16.08 

179 

♦  *.  95 

,  iro 

5;« 

7.  73 

Ruby  .yljOj 

6 

CP 

3.  728 

Zi2.  7 

(9.  570) 

(31.400) 

(3,412) 

(49.  49) 

1.  :i68 

19.  84 

(0  ■247i 

(2.  251 . 

(32  65) 

7 

CP 

3.C«i 

228.0 

(9,  4701 

(31.070) 

(3. -284) 

(47  1)31 

1.285 

IK.  t*4 

(.  2.18, 

( 2,  234  I 

(32.  401 

MgO 

24 

CP 

3.506 

218.9 

(9, 170) 

(30. 090) 

(2.947) 

(12.  74) 

1,243 

18.  (3 

(0  lH6f 

(1.  .564) 

(22  6.8) 

25 

c\* 

3.483 

217.4 

(9. 080) 

(29,  790) 

(2.873) 

(41.67) 

1.242 

IS.  01 

(.  1.17, 

(1.401) 

(20.  32) 

23 

cv 

3.  479 

217.2 

(9,  090) 

(29.  820) 

(2. 872) 

(41.65)1  1,207 

17.  51 

(191)  (1..5»*4' 

(.22  68) 

9 

CP 

2. 048 

lti5.  3 

5. 732 

18.  810 

87U 

12.  62 

:i74 

5.  42 

.  H3 

430 

6  24 

Mullite: 

K) 

HP 

2.  9rt3 

185.  0 

(7, 840) 

(2.1,  720) 

(i.KI9) 

(26.38) 

704 

]().  21 

(0.293 

(1.  .1111) 

(21  77) 

3Ali()i.2SiOi 

18 

CP 

2.  779 

173.  5 

7.  170 

23.  MO 

1.431 

20.  75 

.578 

s.  :is 

.  238 

9I(» 

13  20 

17 

CP 

2.  771 

173.0 

7.  144 

23. 440 

1.415 

20.  52 

573 

K.31 

.  2:i3 

8V( 

12  8l 

Mullite  +  ZrO, 

22 

CP 

2.  7ti8 

172.8 

0, 7tt7 

22,  2iX) 

l.2i'ei 

18  39 

524 

7.  f.0 

0.  211 

732 

1(1  62 

Spinel: 

20 

HP 

3.  .110 

219. 1 

(8,  670) 

(28, 440) 

(2.  r*3«») 

(38. 2:1) 

1.019 

14.  78 

(0.  214 ' 

(2.  173) 

CH  .1'2) 

MgOAljOi 

21 

CP 

2.451 

153.0 

5,219 

17.  120 

ri<;5 

9.64 

271 

3.  ‘3 

.  228 

408 

5.  92 

ThO,» 

10 

CP 

9.  722 

000.9 

4,  972 

10.310 

2. 404 

34  87 

942 

13.  (k; 

0.  275 

1.785 

25.  89 

51 

CP 

9.  702 

005.  7 

4,957 

10.  200 

2.384 

34.  .58 

930 

13.  49 

.282 

1,819 

21*.  :i8 

UOj 

19 

CP 

10.  37 

047.4 

4,314 

14.  m 

1,929 

27.98 

741 

10.  75 

0.  302 

1.620 

•23  50 

19a 

CP 

to.  19 

636.1 

4,230 

13,880 

1.823 

26.  44 

706 

10.25 

.291 

1.457 

21.  13 

Stabilizivi 

11 

HP 

.1.634 

351.7 

(4.940) 

(10.210) 

(1.376) 

(19.96) 

510 

7.  40 

(0.3371 

(  (810' 

(11.7.1) 

ZrOs 

13 

CH 

,1. 149 

321.4 

5. 210 

17. 110 

1.401 

20. 32 

58.5 

8.  48 

.  255 

955 

13.  8.5 

12 

CP 

4.971 

310,  3 

5. 481 

17,  980 

1,493 

21. 65 

584 

8,47 

.279 

1  125 

16  32 

AliOj-l-Cr 

29 

(.’ast 

6.  053 

377.9 

0. 007 

21,870 

2.690 

:49  02 

1.074 

15.  VS 

0.  253 

1.813 

26.  M) 

30 

Cast 

5. 9.18 

371  9 

0. 787 

22,  270 

2.585 

37. 49 

i.d:i2 

14,  97 

.  252 

1. 7:i2 

25  12 

28 

Citst 

6.  091 

35.1  3 

6. 870 

22,  MO 

2,686 

38.9ti 

1.  Ill 

16.  16 

.  2t>5 

1..1I2 

21.  93 

TiC-)-.\i 

31 

CP 

5.343 

333.6 

8,  519 

28, 0,10 

3.905 

.56, 64 

1.(31 

23.  6*6 

0.  197 

2.  ir.0 

:ii.  18 

32 

CP 

5.  ek>4 

353. 0 

8,467 

27,  780 

4.053 

58. 78 

1.681 

24.38 

.  206 

2.  2(*5 

29 

33 

CP 

5. 862 

0 

8. 023 

26, 320 

3,773 

54.72 

1..560 

■22.  la 

.  210 

*2.  16*8 

31.44 

34 

CP 

5.  882 

367.  2 

8, 050 

20,  430 

3,817 

5.5. 36 

1 . 586 

23.00 

.214 

2.  147 

31  14 

11, C 

44 

HP 

2. 058 

128.5 

(14,700) 

(48, 230) 

(4.467) 

164.  79) 

'  (1.850) 

•26.  83 

'  (0.  207) 

*  (2.  M2) 

CIO,  871 

B,C-|-TlBi 

43 

HP 

2. 816 

175.8 

(12,600) 

(41,340) 

(4,485) 

(65. 05) 

<  (1,8601 

•26. 98 

'  (0.  2i»',' 

'  (2,  .139) 

(;16.  82) 

SiC 

45 

CP 

3.128 

19,1.  3 

(11,3(X)1 

(37. 070) 

(4,013) 

(.VS.  20  > 

1.683 

24  41 

(0.  192, 

(966) 

(It  01) 

3.1 

CP 

2.596 

162. 1 

8, 744 

28,0)X) 

1,985 

2K.  79 

m\ 

P2, 12 

.  187 

1.057 

15  3)1 

SlC-f-H.C 

37 

HP 

3.082 

192.  4 

(11,600) 

(38,060) 

(4, 151) 

(I'X).  21) 

<  (1.6SS.1) 

24,  64 

'  (0.  •2-21 1 

'  (■2,47s', 

(3.1  !M) 

ZrC 

38 

HP 

6.  118 

381.9 

(7, 140) 

(23,  430) 

(3,117) 

(4.1.21) 

1,  240 

17  98 

(0.2.17, 

(2.  I42‘ 

31.07 

ZrBj 

41 

HP 

5.585 

348.7 

(8, 880) 

(29, 130) 

(4.  399> 

(13. 80) 

1.9-22 

27.88 

(0.  144) 

(2.077) 

CiO  12) 

42 

CP 

4.  557 

284.5 

(7. 340) 

(■24, 080) 

(•2. 4.1,1) 

(35.  on 

1,08.5 

15.  74 

(.  131) 

(1,110) 

(16.10) 

MoSij 

39 

HP 

5.  906 

372.4 

(7, 980) 

(26,  ISO) 

(3.  795) 

(55  04) 

1. 625* 

23,  (3 

(0.  165) 

(1.8.87) 

(27.37) 

MAI 

40 

CP 

5.  703 

359.8 

(5,  620) 

(18,440) 

(1.817) 

(26. 35> 

72:1 

10.  49 

(0.  261) 

1  i,:i2op 

(19.14) 

•  When  two  groiip.s  of  siwcliiiens  were  iivihhible,  the  nveriijte  viiluos  of  the  more  dense  Kroup  are  given.  When  lliree  oi  more  groups  were  avoihiMe,  ;i.s  with 
the  hot-pressed  stH'cimens,  the  average  values  of  all  of  the  specimens  are  given. 

s  The  fabrlcal ion  code  used  is:  H  P=hot -pressed,  CP =cold-prcssod  ami  .sintered,  and  Ca.st=!sllp-cast  and  sintered. 

»  1  kllobar=10*  dynes/cmt = 14,803.8  Ib./in  > 

■t  The  accuriicy  of  values  in  parenthesis  is  less  than  that  of  the  other  values. 

•  Contains  percent  CaO. 

•  The.se  values  are  not  considered  reliable  because  of  an  a-ssumptlon  that  was  made  during  the  calculation. 
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Table  7.  Data 


Cod* 

ond 

«»wip 

Some* 

Statiotlaol 

parameters 

No.  of 
speci¬ 
mens 

Bulk  density 

Speed  o{  sound 

Young's  modulus 

i'.’j 

f-: 

1-1 

H 

.Average 

4 

3.074^.003  g/cm> 

:«M7-4-4Q!  kilohAi^ 

(24g.l±0.3  lb/ft<) 

(57.97*0.61X10*  psl  1 

V 

0.1% 

0.7% 

l-ll 

.Averagi: 

4 

3.989^.006  g/czD* 

4<M7-4-79  kilnhATs 

(248.7±0.3  lb/ft«) 

(58.70*1.04X10*  psl) 

0.1% 

1.1% 

I-III 

.Average 

2 

3.960^.004  g/cm* 

(248.Sit0.2  lh/ft>) 

(58.31*0.35X10*  psl) 

V 

0.0% 

l-IV' 

.Average 

4 

3.907±Q  063  g/cru< 

(243.9±3.9  Ib/fU) 

l.5t>.5jOiLl.5lXlO»  psi) 

V" 

1.0% 

1.7% 

1-V 

Average 

4 

3.876^  044  ^fcm* 

(241.6±2.7  lb/ft>) 

(55.16*1.91X10*  psl) 

V 

0.7% 

2.2% 

i-M 

.Average 

2 

3.962*0.104  g/cm« 

4034^75  kllobars 

(247.3*6.3  lb/ft>) 

(sW.Slil.OttXlO*  psi) 

V 

0.3% 

0.2% 

l-Ali 

.Average 

20 

3.942.  .21  g/cm> 

. 

3958^48  kllobars 

(246.1*1.3  lh/(t>) 

57.41*0.70X10*  psl) 

V 

1.2% 

27 

.Average 

7 

3.904*0.003  g/cm> 

3555^:151  kilohtirs 

(243.7*0.2  Ib/fti) 

(51.56±2.19XID*  psi' 

0.1% 

4.6>;, 

26-1 

G 

.Average 

9 

3.902*0.016  g/cm> 

3824*44  kilohars 

(243.6*1.0  Ib/ftU 

(55,46*0.64X10*  psi) 

V 

0.5% 

1.4% 

26-11 

Average 

5 

3.902*0.017  g/cm» 

3784*42  kilohars 

(243.8*1.1  Ih/fti) 

(.54  88*0.61X10*  p.si) 

V 

0.3% 

0.  <  c 

♦-I 

H 

Average 

10 

3.824*0.003  g/cm* 

9680*17.0  m/sec 

3583*18.0  kilohars 

3,561*20  kilohars 

(238.7*0.3  lb/ft») 

(3I.76*0.06X10>  ft/sec) 

(51.97*0.26X10*  P<1) 

(51.65*0 -iOXlO*  psl) 

\' 

0.2% 

0.2%, 

0.7% 

0.8% 

4-H 

Average 

10 

3.822*0.005  g/cm« 

9677*9.0  in/sec 

3.579*11.0  kilohars 

3554*13  kllobars 

(238.6*0.3  Ib/ft*) 

(3l.75*0.03X10»  ft/sec) 

(51.91*0.16X10*  p.sl) 

(51.55*0.19X10*  psi) 

0.2% 

0.1% 

0.4‘"(, 

0.5% 

3 

H 

Average 

3 

3.823*0.008  g/cm‘ 

9675*26.0  m/sec 

3380*25.0  kllobars 

3576*24  kilohars 

(238.8*0.4  lb/ft«) 

(31.74*0.<»X10>  ft/sec) 

(31.9'2±0.36X10*  psl) 

(51.87*0.35X10*  psi) 

V 

0.1% 

0.2% 

0.6% 

0.5'7c 

2-1 

U 

Average 

10 

3.714*0.005  g/cm> 

9361*18.0  m/sec 

3255*16.0  kllobars 

3260*22  kilohars 

(231.9*0.3  lb/ft>) 

(30.71*0.06X10»  ft/sec) 

(47.21*0.23X10*  psl) 

(47.28*0.32X10*  psi) 

V 

0.2% 

0.3% 

0.7% 

1.0% 

2-II 

.Average 

10 

3.584  *0.014  g/cm> 

8995*38.0  m/sec 

2899*34.0  kllobars 

29-26*29  kllobars 

(223.7*0.9  Ib/fti)' 

(29.51±0.12X10>  ft/sec) 

(42.05*0.49X10*  p.sl) 

(42.44  *0.42X10*  psi) 

V 

0.6% 

0.6% 

1.7% 

1.4%, 

14 

F 

Average 

12 

3.470*0.002  g/cmi 

8676*8  m/sec 

2612*6  kllobars 

2613*9  kilohars 

(216.6*0.1  Ib/ftil 

(28.46*0.03XI0»  ft/sec) 

(37.88*0.09X10*  psl) 

(37.90*0.13X10*  psl) 

V 

0.1% 

0.1% 

0.4% 

0.6% 

13 

O 

.A  verage 

8 

3.332*0.017  g/cmJ 

8349^93  in/soc 

2316*63  kllobars 

2326  *67  kllobars 

(208.0*1.1  lb/ft>) 

(27.39*0.31  X 10*  ft/sec) 

(33.59*0.91X10*  psl) 

(33.74  *0.97X10*  psi) 

0.5% 

1.2%, 

2.9% 

3.1%, 

5 

F 

•Average 

11 

2.830*0.005  g/cm< 

8236  *89  m/sec 

U09:k25  kllobars 

1119  *20  kilohars 

(177.9*0.3  lb/(t») 

(20.46  *0.23X10»  ft/sec) 

lUi.u8±0.3bX10*  p.si) 

(16.'23  *0.'29X10‘ psi) 

0.3% 

1.7%, 

3.3'';. 

2.7% 

•  The  torsional  frequency  of  only  one  or  two  specimens  could  be  measure«l. 

>■  Based  on  less  than  20  specimens. 

Table  7ii.  Stnlisdcal  data  for  the 


/■’rtMfJ  /  vaJup.';  for 

Critical 

Code 

Compared  groups 

value 

Bulk 

Spoed  of 

Young’s 

modulus 

deruslty 

somid 

f'. 

26 

F-tost: 

1  and  11 

14.6 

2.98 

1.94 

f-test: 

I  and  II 

2.23 

0.03 

1.29 

4 

f-test; 

land  II 

4.03 

1.  10 

3. 

2-96 

2  37 

f-test: 

land  II 

2.  10 

0.70 

0.39 

0.43 

0.  60 

2 

f-test: 

I  and  1/ 

4.03 

»8.  07 

i  50 

.5  81 

1.73 

f-test; 

land  II 

2. 10 

20.5 

•  Underlined  Ukutcs  indicate  that  a  significant  dllTerence  does  exist  betwe*-n  the 
com|>ared  groups. 
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/or  AlaOj 


\  oung‘3  modulus— Con.  |  Shoiir  modulus  [  Poisson's  mtlo  j  Hulk  modulus 


Ml _ I _ _ i  K, _ I  A'„ 


400±41  kUobars 

1,585  kllobars  • 

U.2A8  - 

(S8.03±0.5#X10»  psl) 

o.r7 

(22.99X10*  psl)* 

(3996  XIO*  jisD* 

4.0I2±I6  kllobars 
(M.I9=fc0.25X10*  psl) 

1,591  kllobai^  • 

0.264  • 

2841  *  kllubars 
(41.21  ‘XIO*  IKSO 

(23.08X10*  I>sl)* 

4.016:4:0  kllobars 
(58.2S±0X10*  psl) 

O.OiT, 

1,595  kllobars  * 

0.261  • 

2797  •  kllobitrs 
(40.57  ‘XIO*  psl) 

(23.13X10*  psl)* 

3.0IK±113  kllobars 

1.5b3±5l  kllobars 

0.2S3±0.Un 

2.7*';* 

2i'i4.5*82  kllobars 
(38.36*1.19X10*  psl) 

1.9% 

(SO.IBil. 64X10*  psl) 
l.S% 

(•22.67*0.74X10*  [vsl) 

2.1% 

3.846±90  kllobars 
(55.7«±1.31X10»psl) 

1.5% 

1.518*54  kllobars 

0.2.53*0.003 

25''4)±l('''  kllobars 
(37.13*1.4.5X10*  psl) 

2..5''; 

(32.0'2*0.78X10*  psl) 

2.2% 

0.7% 

4.033±34  kllobars 
(5S.S7±0.49XI0*  i>sl) 

0.1% 

1.616*78  kllobars 

0.248*0.037 

2671*407  kllobars 
(38.74  *  5.90X10*  psl) 

1.7% 

(23.44*1.13X10*  psl) 

0.5%, 

1.7% 

3.961±37  kllobars 
(57.45*0.54X10*  jw!) 

2.0% 

1.565*  24  kllobars* 

0.254  **±0.003 

2655  ±.59  kllobars* 

(38.6,5*0.86X10*  tisl) 

3.8% 

(■22.70*0.35X10*  psl)* 

2.7% 

2.3''^ 

3.530*125  kUohars 
(51.05*1.81X10*  |)sl) 

3.8% 

1.453±60  kllobars 

0.221*0.018 

2121*226  kllobars 
(30,88  *3.28X10*  psl) 

10.1';; 

2415*108  kllobars 
(3,5.03*1.57X10*  psl) 

5.3% 

(21.07*1.00X10*  psl) 

4.5% 

7.9% 

0.236*0.009 

3.8a6*.53  kllobars 
(55.20*0.77X10*  psll 

1.7% 

1.548:^11  kllobars 

(22.45*0.16X10*  psl) 

O.OiJi, 

4.6% 

3.772*39  kllobars 
(54.71*0.57X10*  [isD 

0.6% 

1.533*14  kllobars 

0.234*0.003 

2372*48  kllobars 
(34.40*0.70X10*  i>sl) 

1.3'';, 

(22.23*0.20X10*  psl) 

0.6% 

0.7% 

3.572*15  kllobars 
(51.81*0.22X10*  psl) 

0.6%. 

1,438*  7  kllobars 
(■20.86*0.10X10*  psl) 

0.6% 

0.246*0.001 

0.5% 

0.238*0.002 

0.9% 

2349*17  kllobars 
;34.07*0.25X10‘  psi: 

1.0% 

22t>3±25  kllobars 
(32.82*0.36X10*  l>sl) 
l..5% 

3.565*13  kllobars 
(51.71*0.17X10*  iksl) 

0.5% 

1.437*4  kllobars 
(20.84  *0.06X10*  |>sl) 

0.4%, 

0.245-±0.001 

0.6%, 

0.236*0.001 

0.8% 

2339*11  kllobars 
(33.92*0.16X10*  psl) 

0.7% 

2246*18  kllobars 
(32.58*0.26X10*  psl) 

1.1% 

3.554*33  kllobars 
(51.55*0.33X10*  psl) 

0.5% 

1.44.5*7  kllobars 
(•20.96*0.10X10*  psl) 

0.4% 

0.239*0.002 

0.7% 

0.237*0.001 

0.4% 

2287*30  kllobars 
(33.17*0.44X10*  psl) 

1.1% 

2270*  22  kllobars 
(32.92*0.32X10*  psl) 

0.8'^r 

3.245*18  kllobars 
(4.'.06*0.26X10*  psl) 

0.8% 

1.321*11  kllobars 
(19.16*0.16X10*  psl) 

1.2% 

0.232±0.0a5 

2.9%, 

0.234*0.001 

0.9% 

2018*31  kllobars 
(29.27*0.45X10*  psl) 

2.1% 

2044*33  kllobars 
(2).6, 5*0.48X10*  psl) 

2.2'':, 

2.897*37  kllobars 
(42.02*0.54X10*  ixsl) 

1.8% 

1,180*13  kllobars 
(17.11*0.19X10*  psl) 

1.5% 

0.228*0.003 

1-8%, 

0.240*0.005 

2.9% 

1787*27  kllobars 
(25.92*0.39X10*  I)sl) 

2.1% 

1881*32  kllobars 
(27.28*0.46X10*  p,sl) 

2.4% 

2.601  *5  kllobars 
(37.72*0.07X10*  psl) 

0.3% 

1,067*3  kllobars 
(15.48*0.04X10*  psl) 

0.5% 

0.224*0.001 

KTr 

0.225*0.002 

1.4% 

1579*7  kllobars 
(22.90*0.10X10*  psl) 

0.7%, 

1.583*16  kllobars 
(22.  '6*0.23X10*  psl) 
l.OT,, 

2,331*33  kllobars 
(33.81*0.48X10*  psl) 

1.5% 

975*  21  kllobars 
(14.14*0.30X10*  iKil) 

2.3% 

0.188*0.014 

7.8% 

0.192*0.014 

8.1% 

1217*84  kllobars 
(17.65*1.22X10*  p.sl) 

7.5% 

1264  *85  kllobars 
(18.33*1.23X10*  psl) 

".3% 

1,141*16  kllobars 
(16.5.5*0.23X10*  iwl) 

2.1% 

479:^7  kllobars 
(6.95±0.10Xl0»iisi) 

2.1^;. 

0.170*0.013 

8.3% 

0.172*0.005 

3.26r 

533*45  kllobars 
(7.73*0.65X10*  I>sl) 

9.2':;. 

574*19  kllobars 
(8.33*0.28X10*  p.sl) 

3,,5'r 

analysis  of  values  given  in  table  7 


F  and  t  valiirs  for—  Contlnunl 

Young's 

modulus- 

continued 

Shear 

modulus 

I’olsson's  ratio 

Hulk  modulus 

Kr. 

0 

Mt 

1  Him 

K, 

Kfw 

6.89 

2. 17 

1 

18  2 

0.89 

0.87 

41.8  j 

1.62 

2.20 

1. 13 

1.30 

2.26 

2.01 

0.84 

0.35 

1.30 

1.64 

1. 13 

0.42 

4. 12 

1.35 

2.80 

1.15 

1.37 

1.05 

18  7 

l.fkS 

1.73 

12.8 

8. 1C 
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Table  8.  Data 


Code 

and 

group 

Source 

Statistical 

parameters 

■  ■ 

No.  of 
speci¬ 
mens 

Bulk  density 

Speed  of  sound 

Young's  modulus 

F'l 

6-A 

F 

Average 

5 

2.  780±0.  083  g/om> 

1217±127  kilobars 

(173.  «±5.21b/rii) 

(17.  65±  1.84X10*  psi) 

V 

2.4% 

fi-B 

Average 

5 

3. 728±0. 024  g/cm> 

3412±112  kilobars 

(232.7±1.61b/ft«) 

(49.  49±I.  62X10*  psi) 

V 

0.6% 

2.6% 

7-A 

F 

Average 

5 

2. 682±  0. 013  g/cm> 

(167. 4±0. 8  Ib/tti) 

(14. 95±0. 73X10*  psi) 

V 

0.4% 

3.y% 

7-B 

Average 

5 

3. 661  A:0. 033  g/cm> 

32.^4^126  kilobars 

(228. 6±2. 2  Ib/ttJ) 

(46.  91±1. 83X10*  psi) 

V 

0.8% 

3  2‘  'v 

Table  9.  Data 


Code 

and 

Source 

Statistical 

No.  of 
sped- 

Bulk  density 

Speed  of  .sound 

Young's  moiiulus 

group 

parameters 

mens 

Et 

24-1 

O 

Average 

V 

ti 

3.502±0.012g/em* 

2900±71  kilobars 

(218. 6±0. 7  Ib/fti) 

0.3% 

(42. Otiil. 03X10*  p.sl) 

2.  3% 

24-11 

A  verage 

V 

5 

3.  S06±0. 006  g/cm« 

(218. 9±0.41b/rt») 

0.1% 

2»47±22  kilobars 

(42.  74±0. 32X10*  psll 

0.6% 

25-1 

0 

Average 

V 

5 

3. 120±0.021  g/cm» 

(194.8±1.31b/ft*) 

0.7% 

(30. 68±0. 52X10*  psi) 

1.8% 

25-11 

Average 

9 

3. 483±0. 015  g/cm* 

(217. 4±0.91b/(t«) 

0.6% 

2873±51  kiJobuj« 

1 

(41. 67±0. 74X10*  p.il 

2.3% 

23-.4* 

O 

.Average 

V 

5 

3. 463±0. 034  g/om* 

(216.  2±2. 1  Ib/ftl) 

0.8% 

2S32d:llS  kilobars 
(41. 07±1. 67X10*  p.si) 

3. 3%^ 

23-B* 

.Average 

V 

5 

3.  479±0. 010  g/cm> 

(217.  2±0.  6  lb/ft») 

0.2% 

(41.66±0.  29X10*  psi) 

(1. 6%) 

9-1 

H 

■Average 

V 

10 

2. 644±0.  017  g/cm* 
(165.1±1.1  Ib/ftJ) 

0.9% 

57I0±77  m/scc 

(18. 73±0. 25X10*  tt/sec) 

1.9% 

862±28  kilobars 
(12. 50±0. 41X10*  psi) 

4.6% 

847±2f.  kilobars 
(I2.3±0,4XI0»  psi) 

4.3% 

9-II 

Average 

V 

10 

2.648±0.012g/cmJ 
(165. 3±0.  7  ib/fU) 

0.7% 

5732±40  m/scc 
(I8.81±0.  13X10*  ft/sec) 
i.ty);, 

(12. 62±0. 22X10*) 

2.5% 

(12.  3±0.  2X10*  psil 

2.5% 

•  These  two  groups  were  made  using  different  starting  materiais. 


Table  9a.  Statistical  data  for  the 


Fand  t  values  for 

Code 

Compared  groups 

Critical 

Young's  modulus 

value 

Bulk 

Speed  of 

density 

sound 

El 

Er. 

24 

F-test: 

I  and  II . 

9.36 

5. 35 

•14.  24 

I-tcst: 

I  and  II . 

2.23 

088 

1.  79 

25 

F-test: 

I  and  II . 

8. 98 

1.19 

3.04 

f-test; 

I  and  II . 

2. 18 

•32.8 

23.2 

9 

F-test: 

I  and  II _ 

4.03 

1.92 

3.69 

3.36 

2.  87 

f-test: 

I  and  II . 

2. 10 

1.29 

1.70 

0.98 

0.83 

•  Underlined  figures  Indicate  that  a  significant  difference  does  exist  between  the 
compared  groups. 
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/or  ruby  AljOi 


Young’s  modulus— Con. 

Shear  modulus 

Poisson’s  ratio 

Bulk  modulus 

K/. 

a 

Ml 

Mfw 

K, 

IS41±IS0  kilobars 
(18. 00±2. 17X10*  psl) 

».8% 

3339^106  kUobars 
(48. 43±I.  34X10*  psl) 

2.6% 

1060±82  kllobats 
(13. 37±1. 19X10*  psl) 

6.3% 

3111±126  kUobars 
(45. 12=1;1. 83X10*  psl) 

3.3% 

480±55  kilobars 
(6.96±0.80X10*  psl) 

9.3% 

1368±44  kilobars 
(19. 84±0. 64X10*  psl) 

2.6% 

411±19  kilobars 
(5. 96=t0. 28X10*  psl) 

3.8% 

I285±S0  kilobars 
(18. 64±0. 73X10*  psl) 

3.2% 

0. 269rk0. 041 

12.4% 

0. 247±0.  009 

3.0% 

0.234±0.012 

3.9% 

0.258it0.015 

4.8% 

86Szt74  kilobars 
(12. 55±1. 07X10*  psl) 

6.99i 

223l±120  kilobars 
(32. 65±l.  74X10*  psl) 

4.3% 

700±S4  kilobars 
(10. 15±0.78X10*  psl) 

6.2% 

2234±I67  kilobars 
(32. 40±2. 42X10*  psl) 

6.0Cc 

for  MgO 


Young’s  modulus— Con. 

Shear  modulus 

Poisson's  ratio 

.. 

Bulk  modulus 

Ef. 

0 

Ml 

M/w 

Ki 

A'/» 

2888±48  kilobars 

1227±34  kilobars 

0. 182=t0. 012 

]522±:ti4  kilobars 

(4I.89±0. 70X10*  psl) 

(17. 80±0. 49X10*  psi) 

(22. 071:0.  93X10*  psi) 

1.6% 

2.6% 

6.4% 

4.0*;^ 

2937it31  kilobars 

1243dtl4  kilobars 

0.!86=t0.007 

15641:34  kilobars 

(42. 60±0. 45X10*  psl) 

(18. 03±0. 20X10*  psl) 

(22. 081:0. 49X10*  psi) 

0.9% 

0.9% 

3.1% 

1.8%, 

2I37±30  kilobars 

893±14  kilobars 

0. 184±0.016 

1117^:67  kilobars 

(30. 96dr0. 44X10*  psl) 

(13.0=fc0.2X10*psl) 

(16.  20±0. 97X10*  psi) 

1.5% 

1.7% 

9.1% 

6.3% 

2935±40  kilobars 

1242d:22  kilobars 

0.157±0.017 

1401=b82  kilobars 

(42. 57±0.  58X10*  psi) 

(18. 0l±0. 32X10*  psi) 

(20.32+1.19X10*  psi) 

1.8% 

2.3% 

14.1% 

7.6% 

2870±53  kilobars 

1204:1:30  kilobars 

0.177±0.078 

1537+583  kilobars 

(41. 63±0. 77X10*  psl) 

(17. 46±0. 44X10*  psi) 

(22.  29+8. 46X10*  psi) 

1.5% 

2.0% 

35+% 

30+% 

2904±31  kilobars 

1207±48  kilobars 

0. 191±0.043 

1564  +218  kilobars 

(42. 12±0. 45X10*  psl) 

(17. 51±0. 70X10*  psi) 

(22. 68+3. 16X10*  psl) 

0.9% 

3.2% 

18+% 

11.2% 

845±28  kilobars 

3711:12  kilobars 

0. 161±0. 004 

0.140±0.006 

424±16  kilobars 

393+14  kilobars 

(12  3±0. 4X10*  psi) 

(5. 38±0. 17X10*  psi) 

(6. 15±0. 23X10*:psi) 

(5. 70+0. 20X10*  psi) 

4.6% 

4.4% 

3.5% 

5.7% 

5.4% 

4.8% 

854±15  kilobars 

374±7  kilobars 

0. 163±0.002 

0. 137±0. 004 

430±7  kilobars 

390+8  kilobars 

(12.4±0.2X10*  psi) 

(5.42±0. 10X10*psi) 

(6.  24±0. 10X10*  psi) 

(5. 66+0. 12X10*  psi) 

2.4% 

2.6% 

2.0% 

3.6% 

2 

1  /O 

3.0';; 

aiwlysis  of  rallies  given  in  table  9 


F  and  I  values  for— Continued 


Young’s 

modulus- 

continued 

Shear 

modulus 

Poisson’s  ratio 

Bulk  modulus 

El. 

O 

Mt 

M/w 

Ki 

Kf. 

3.36 

8.63 

4. 16 

4.96 

2.  M 

1.25 

3. 48 

1.66 

2  83 

3.56 

1.74 

2. 27 

31. 1 

25.6 

2.  34 

5. 31 

3.48 

2.88 

2.96 

2.56 

6.29 

3.17 

2.00 

1.40 

2.04 

3.76 

1. 13 
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Table  10.  Data  for 


Code 

and 

Sooroe 

Stotistlcal 

No.  of 
sped- 

Bulk  density 

Speed  of  sound 

Young’s  modulus 

group 

parameteca 

mens 

El 

El. 

16-1 

H 

Average 

V 

4 

2.737±0.032  g/cm> 
(170.9±2.0  lb/tt>) 

0.7% 

1,510A:S2  kllobars 
(21.II0±U.75X10«  psl) 

2.2% 

2 

16-11 

Average 

V 

2.066±0.040  g/cm> 
(18S.2±2.S  lb/ft>) 

0.2% 

l,»42±115  kllobars 
(28.17±1.67X10»  psl) 

0.7% 

16-m 

Average 

V 

4 

3.03»dd).033  g/cm> 
(189.7±2.1  lb/ft») 

0.7% 

1.908±78  kllobars 
(27.67±1. 13X10*  psl) 

2.6% 

15-IV 

Average 

V 

5 

3.041±0.063  g/cm< 
(lg0.g±3.0  lb/ft<) 

1.7% 

1,911  ±97  kllobars 
(27.72±l,41X10«psi) 

4.1% 

18-V 

Average 

V 

fi 

3.003±0.026  gycm> 
(187.5±1.61b/fl>) 

0.7% 

1  ,g56±35  kllobars 
(26.92=fc0.51X10*psl) 

1.5% 

20 

16-All 

Average 

V 

2.963dfc0.057  g/cm« 
(18S.0±3.6  Ib/ft*) 

4.1% 

1,819±79  kllobars 
(26.38±1. 15X10*  psl) 

9.2% 

18* 

F 

Average 

V 

10 

2.779±0.006  g/cm> 
(173.!1±0.4  lb/ft>) 

0.3% 

7,176irll  m/sec 
(23.M=t0.04X10>  tt/sec) 

0.2% 

1,431±7  kllobars 
(20.75±0.10X10*  psl) 

0.6% 

1,428±9  kllobars 
(ao.71=fc0.13X10«  psl) 

0.9% 

17  • 

F 

Average 

V 

8 

2.771±0.008  g/cm> 
(173.0±0.5  lb//t>) 

0.4% 

7,144±39  m/sec 
(23.44±0.13X10»  ft/sec) 

0.5% 

1,415±21  kllobars 
(20.52±0.30X1U‘  psl) 

1.4% 

1,420±21  kllobars 
(20.60±0.30X10*  psl) 

1.8% 

•  These  two  materials,  after  having  been  coded  and  examined,  were  foood  to  be  the  same  except  that  Code  18  was  heat-treated  for  a  longer  time. 


Table  10a.  Statistical  data  for 


¥  and  t  values  for 

Code 

Compared  groups 

Critical 

value 

Bulk 

density 

Speed  of 
sound 

Young’s  modulus 

Kx 

Ef. 

•  17-18 

F-test: 

17  and  18 

1.43 

•  >>  5. 59* 

5. 00* 

8.66 

f-test; 

17  and  18 

im 

2.01 

0.09 

•  F  and  f  values  marked  with  an  asterisk  Indicate  comparison  with  the  critical  value 
similarly  marked. 

<>  Underlined  figures  Indicate  that  a  significant  difference  does  exist  between  the 
compared  groups. 


Table  11.  Data 


Code 

and 

group 

Source 

Statistical 

parameters 

No.  ot 
specie 
mens 

Bulk  density 

Speed  of  sound 

Young’s  modulus 

El 

El, 

22 

■ 

Average 

V 

10 

2.768±0.010  g/cm« 
(I72.8±0.6  lb/ft») 

0.5% 

6,767±I1  m/sec 
<22.20±0.04X10»  ft/sec) 

0.2% 

1,268±9  kllobars 
(I8.39±0.I3X10*  psl) 

0.9% 

],265±9  kllobars 
(I8.35±0.I3X10»  p.sl) 

1.0% 
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MuUite:  3  Al,0j-2  SiO, 


Young's  modulus— Con. 

Shear  modulus 

Poisson's  ratio 

Bulk  modulus 

E/e 

a 

Ml 

M/» 

Ki 

Kj. 

l.M3^  kllobars 

880*39  kllobars 

0.301  ±0.049 

(23.S3±O.WX10‘  psl) 

(8.41*0.87X10*  psl) 

(18.04*3.74X10*  psl) 

a.8% 

4.4% 

10% 

13.% 

l.aua-kSO  kllobars 

731*33  kllobars 

0.327*0.018 

].920±76  kllobars 

(48.89*0.73X10*  psl) 

(10.6*0.8X10*  psl) 

(27.85*1.10X10*  psl) 

0.3% 

0.8% 

0.6% 

0.4% 

l,89«*«6  kllobars 

739*32  kllobars 

0.291  ±0.004 

(47.80*0.96X10*  psl) 

(10.7*0.46X10*  psl) 

(22.50*0.99X10*  psl) 

4.4% 

4.7% 

0.8% 

2.7% 

1.943*103  kllobars 

740*41  kllobars 

0.291±0.000 

(47.89*1.49X10*  psl) 

(10.73*0.89X10*  psl) 

(42.12*1.25X10*  psl) 

4.3% 

4.4% 

2.3% 

4.5% 

1,869*20  kllobars 

730*71  kUobars 

0.277±0.092 

(27.11*0.49X10*  psl) 

(10.89*1.03X10*  psl) 

(21.38*8.15X10*  psl) 

0.9% 

7.8% 

27.% 

23.% 

1,837*73  kllobars 

704*34  kllobars 

0.293±0.018 

1.50l±37  kllobars 

(46.64*1.06X10*  psl) 

(10.21*0.49X10*  psl) 

(21.77*0.54X10*  psl) 

8.8% 

10.2% 

13.% 

5.2% 

1,428*7  kllobars 

878*3  kllobars 

0.238*0.002 

0.235*0.003 

910*5  kllobars 

899*5  kllobars 

(20.67*0.10X10*  psl) 

(8.38*0.04X10*  psl) 

(13.2*0.1X10*  psl) 

(13.0*0.1X10*  psl) 

0.6% 

0.7% 

1.3% 

1.6% 

0.7% 

0.7% 

1.409*14  kllobars 

873*7  kllobars 

0.233*0.008 

0.240*0.009 

883*15  kllobars 

911*39  kllobars 

(20.44*0.20X10*  psl) 

(8.31*0.10X10*  psl) 

(12.8*0.2X10*  psl) 

(13.2*0.6X10*  psl) 

1.4% 

1.8% 

2.2% 

4.5% 

2.0% 

5.2% 

the  analysis  of  values  given  in  table  10 


F  and  t  values  for— Continued 


Young’s 

modulus- 

continued 

Shear 

modulus 

Poisson's  ratio 

Bulk  modulus 

Ef$ 

a 

Ml 

Mfm 

Ki 

Ki. 

3.38 

3.80 

8.29* 

6. 86* 

51.2 

2.53 

1.87 

_ 

■■■■■I 

nnmniiipi 

for  mvllite  plus  ZrOa 


Young's  modulus— Con. 

Shear  modulus 

Poisson’s  ratio 

Bulk  modulus 

Efe 

a 

Ml 

Mfw 

Ki 

K,. 

1,273*9  kllobars 

824*4  kllobars 

0.211*0.003 

0.208*0.001 

732*8  kllobars 

724*11  kllobars 

(18.46*0.13X10*  psl) 

1.0% 

(7.80*0.06X10*  psl) 

0.9% 

1.9% 

0,8% 

(10.62*0.12X10*  p,«l) 

1.5% 

(10.50*0.16X10*  psl) 

2.1% 
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Table  12.  Data  for 


Coda 

and 

group 

Source 

Statistical 

parameters 

No.  ol 
speci¬ 
mens 

Bulk  density 

i 

Speed  of  sound 

1 

Young's 

/•’l 

modulus 

A',. 

ao-i 

n 

Average 

2 

3.4H7d:0.0K4  K/cm* 

1 

(217.7±S.2  lb/ft») 

{37.3'.>±ll.yi  X10«  |>sll 

V 

0.3% 

1 

3.(i% 

ao-ii 

•Average 

5 

3.902:^0.043  kA'Iii* 

i 

2.ri29±ti2  kilobarv 

(218.8±2,3  lWrt‘) 

. 

(3H.O7±U,yOX10«  iwl) 

V 

1.0% 

i.w; 

20-UI 

■Average 

4 

3.639±0.019  K/om> 

2/>85:i  lltt  kiloiiurs 

(220.9:1:1.2  lll/ft<) 

psi) 

V 

0.3% 

■2.7-;;, 

ao-iv 

Average 

9 

3.933:£0.022  f/cm* 

(2AI.»±1.4  lh/(t)) 

(3X.78±0.(iriXlU«  psI) 

V 

0.5% 

1.4";, 

20-V 

Average 

4 

3.473±0.044  g/cm< 

1 

(21«.8±2.7  lb/lt«) 

(37.4«±0.94XI0«  psi) 

V 

0.87<, 

1. 

2&-AU 

Average 

2» 

3.8I0±0.0I6  g/cni» 

(219.1  ±1.0  Ib/ns) 

(38.'23±0.45X10»  psi) 

V 

1.0% 

21-1 

11 

Average 

8 

2.451  ±0.025  g/eiii« 

.5,2I9±IS5  m/sec 

(>(>5±3V  kllohars 

<K'>2±47  kll»)»ur.s 

(153.0±l.«lb/ll>) 

(I7.I2±0.51X10»  ft/see) 

(9.(i5±0.57X10«  iwl) 

(9.4el±0.fi8Xiy*  psl) 

V 

1.2% 

3.0% 

7.1%, 

8.(1-;;. 

2I-II 

Average 

10 

2.522±0.010  g/cm« 

5,647±fi6  m/sec 

8US±22  kllohars 

7S5±27  kllohars 

(157.4±0.6  lh/rt>) 

(IH.53±0.22X10»  ft/.sec) 

(ll.ti«±0.32X10«  psi) 

(11.3«±0.39XI0»  psl) 

V 

1 

0.(1% 

l.«% 

3.7% 

Table  )2a.  Statistical  data  for  the 


A'  and  t  values  for— 

Code 

Compared  groups 

Critical 

value 

Bulk 

density 

Speed  of 
sound 

Young’s  modulus 

A'l 

21 

F-tost: 

I  and  11 

4.20 

4. 13 

4.  10 

2.46 

2.22 

t-test: 

land  II 

2.12 

•  2.89 

6.42 

7.64 

6.06 

■  Underlined  figures  Indicate  that  a  significant  dlHorcnce  does  rsbit  Iwtwoen  tlic 
compared  groups. 
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Spitiel:  MgO  •  AljOj 


Young’s  modulus— Con. 

Shear  modulus 

Poisson's  ratio 

Bulk  modulus 

Efa 

0 

Ml 

M/» 

Ki 

A'fw 

2,547  ±71 3  kllobars 

1.017±7l  kllobars 

0.265 

1.916±600  kllobars 

(36.S4±10.34X10<  psl) 

(14.75±1.03X10*  psl) 

(27.79±8.70X10‘  p.sl) 

3.1% 

0.8% 

21.% 

3.5.% 

2,611  ±59  kllobars 

1,017±78  kllobars 

0.293±0.066 

2,191±427  kllobars 

{37.87±0.86X10‘  psl) 

(i4.75±1.10X10*  psl) 

(31.78±6.19X10*psi) 

1.8% 

6.0% 

18.% 

16.% 

2,6^131  kllobars 

1.041±12  kllobars 

0.290±0.054 

2  l.'kft-l-.'kak  kilohAni 

(».57±1.«0X10*  psl) 

(i5.10±0.17X10»  psl) 

(31.30±8.'24X10*  psi) 

3.1% 

0.7% 

12.% 

16.% 

2.657  ±43  kllobars 

1,02S±15  kllobars 

0.300±0.008 

2.249+11:)  kllohAr5i 

(38.54±0.62X10»  psl) 

(i4.91±0.22X10*  psl) 

(32.62±1.64X10»  psi) 

1.3% 

1.2% 

2.1% 

4.0% 

2.dl9±54  kllobars 

0.305±0.008 

(37.99±0.78X10*  psl) 

(14.36±0.38X10*  psl) 

(31. 88 ±0.81X10*  psl) 

1.3% 

1.6% 

1.6% 

1.6%, 

2.628±28  kllobars 

0.294±0.015 

(38.12±0.41X10>  psl) 

(i4.78±0.23X10*  psl) 

(3!..52±1.91X10‘  psl) 

2.3% 

3.4% 

11.% 

13.% 

6S5±48  kllobars 

271±20  kllobars 

0.228±0.017 

0.202  ±0.007 

40g±13  kllobars 

365±33  kllobars 

9..’iO±0.70X10*  psl) 

(3.93±0.29X10«  psl) 

(5.92±0.19X10*  psl) 

(5.29±0.48X10»  psl) 

8.8% 

8.8% 

9.0% 

4.2% 

3.7% 

11.% 

781  ±20  kllobars 

329±8  kllobars 

0.221  ±0.008 

0.161±0.030 

482±23  kllobars 

428±42  kllobars 

(U.47±0.29X10*  psl) 

(4.77±0.12X10*  psl) 

t6.99±0.33X10‘ psl) 

(6.2I±0.61XI0«psl) 

3.6% 

3.4% 

4.8% 

22.% 

6.5% 

14.% 

analysis  of  values  given  in  table  IS 


F  and  ( values  (or— Continued 


Young’s 

modulus- 

continued 

Sbear 

modulus 

Poisson’s  ratio 

Bulk  modulus 

Ef9 

0 

Ml 

Mfw 

Ki 

Kf. 

4.23 

4.59 

3.72 

24.7 

4.45 

3.94 

6.59 

0.93 

2.77 

Tabls  13 


Coda 

and 

fiooree 

Statiatioal 

No.  of 
sped- 

Bulk  density 

Speed  ot  sound 

Young's  modulus 

group 

parameters 

mens 

El. 

lO-I 

H 

Average 

V 

a 

e.722±0.034  gm/cm> 
(006.9:^2.1  gm/cm>) 

0.5% 

4,972:1;9  m/sec 
(t6.3!±0.03X10>  ft/sec) 

0.2% 

2,404±13  kilobars 
(34.87±0.19X10*  psl) 

0.7% 

2.434±23  kilobars 
(35.30±0.33%10>  psl) 

1.2<7o 

lO-II 

Average 

V 

8 

9.661±0.012  gm/cm> 
(603.3±0.7  gm/cm<) 

0.2% 

4,960±12  m/sec 
(16.27±0.04X10'  (t/sec) 

0.3% 

2.37gdr8  kilobars 
(34.49±0.12X10«  psl) 

0.4% 

2,406±18  kilobars 
(34.9Oa=0.26X10‘  psl) 

0.9% 

U 

O 

Average 

V 

10 

0.702±0.008  gm/cm> 
(606.7±0.5  gm/cm*) 

0.1% 

4,9S7±3  mlsec 
<16.26±0.01X10»  ft/sec) 

0.1% 

2,384±5  kilobars 
(34.6g:A0.07X10'  psl) 

0.3% 

2.395±6  kilobars 
(34.74±0.09XI0»  psl) 

0.3% 

•  These  compositions  contain  H  weight  percent  CaO  as  a  densUylng  agent. 


Table  13-a.  Statistical  data  for  the 


F  and  t  values  (or 

Code 

Compared  groups 

Critical 

value 

Bulk 

density 

Speed  of 
sound 

Young’s  modulus 

E, 

Et. 

10 

f-test: 
land  II 

*4.90- 

b9. 01 

1.38* 

3.14 

1.90 

l-test: 

I  and  II 

4.53* 

2.13 

0.32 

0.62 

0.37 

*  F  and  t  values  marked  with  an  asterisk  Indicate  comparison  with  the  critical 
value  similarly  marked. 

<■  Underlined  figures  indicate  that  a  significant  difference  does  exist  between  the 
compared  groups. 


Table  14 


Code 

and 

Source 

Statistical 

No.  of 
sped- 

Bulk  density 

Speed  of  sound 

Young’s  modulus 

group 

parameters 

mens 

El 

El. 

19 

C 

Average 

V 

5 

10.368^:0.021  g/cm> 
(647.3±1.3  lb/ft«) 

0.2% 

4,314db9  m/sec 
(14.15±0.03X10»  ft/sec) 

0.2% 

I.629:£l0  kilobars 
(27.98±0.15X10«  psl) 

0.4% 

l,936±ll  kilobars 
(28.08±0.16X10*  psl) 

0.5% 

19a 

G 

Average 

1 

10.188  g/cm» 

(636.0  lb/ft>) 

4.230  m/sec 
(13.88X10«  ft/sec) 

1,823  kilobars 
(26.44X10*  psl) 

1,737  kilobars 
(25.19X10*  psi) 

30 


Daia  for  ThOj 


Young's  modulus— Con. 

Shear  modulus 

Poisson's  ratio 

Bulk  modulus 

E,. 

a 

iii 

K, 

Ki. 

a,*at±i3  klloban 

M3±9  kilobars 

0.275±0.006 

0.26J±0.003 

1,786±46  kilobars 

1,945*37  kUobars 

(8S.ia=l:0.l7X10t  pel) 

0.6% 

(13.68±0.13X10>  pst) 

1.2% 

3.0% 

1.4% 

(28.89±0.67X10*  psi) 

3.4% 

(2.821*0.54X10*  psl) 

2.6% 

lS8e±Il  kUobars 

S30=t7  kUobsrs 

0.276±0.a06 

0.294^:0.009 

1.783±48  kUobars 

1,948*94  kUobars 

(34.7»±0.MX10i  psi) 

0.6% 

(t3.46±0.10X10<  psl) 

0.9% 

2.7% 

3.6% 

(26.01±0.70X10*  psi) 

3.2% 

(28.26*1.36X10*  pel) 

5.8% 

2,38i±3  klloban 

930±3  kUobars 

0.282±0.004 

0.288^0.004 

1,816±7  kilobars 

1,881*35  kUobars 

(34.68±0.04X10l  psl) 

0.2% 

(13.49^0.04X10*  psi) 

0.5% 

1.3% 

2.0% 

(26.38*0.10X10*  psl) 

0.6% 

(27.28*0.61X10*  psi) 

2.6% 

analysis  of  valves  given  in  table  13 


F  and  ( values  for^Continued 


Young's 

modulus- 

continued 

Shear 

modulus 

Poisson's  ratio 

Bulk  modulus 

Eft 

a 

Ml 

M/« 

Ki 

K/, 

1.47 

1.95 

1.23 

6.43* 

1.10 

6.43* 

0.69 

2.72 

0.90 

0.73 

0.27 

Data  for  VO2 


Young's  modulus— Con. 

Shear  modulus 

Poisson’s  ratio 

Bulk  modulus 

El, 

a 

Ml 

M/» 

Ki 

*>- 

1,930*16  kilobars 
(27.99*0.22X10*  psi) 

0.6% 

1,843  kilobars . 

741*  4  kUobars 
(10.76*0.06X10*  psl) 

0.4% 

706  kUobars _ _ _ 

0.302*0.003 

0.8% 

0.291 

0.306*0.003 

0.7% 

1.620*26  kUobars 
(23.60*0.38X10*  psi) 

1.3% 

1,457  kilobars 
(21.13X10*  psi) 

1,662*30  kilobars 
(24.11*0.44X10*  psi) 

1.4% 

(26.72X10*  psl) 

(10.24X10*  psl) 
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Tabuk  15.  Data 


Oodt 

and 

groap 

Soorea 

Statlstieal 

parameters 

No.  of 
speci¬ 
mens 

Bulk  density 

Speed  of  sound 

A'oung's  modulus 

£i 

11-1 

H 

Average 

5 

5.634^.036  g/cm< 

1 

(341.7±1.8  lb/ft») 

1 

(16.78*2.65X10°  psi) 

V 

0.4% 

j 

6.8% 

ll-Il 

Average 

4 

S.A38±0.02r  g/cml 

(3S2.0±1.7  lb/ft>) 

(15.55*0.64X10*  psl) 

V 

0.3% 

2.6% 

ll-III 

Average 

6 

5.054^.045  g/crn* 

2051*81  kilobars 

(353.0±2.8  Ib/fU) 

!  (29.75*1.17X10*  1)51) 

0.0% 

1 

3.2% 

ll-IV 

■Average 

4 

5.603^0.024  g/cm> 

!  ; 

1  I  . 

(348.8*1.8  Ib/ft*) 

i  (16.11±5.58Xl()*l)Si) 

0.3% 

1 

1 

22% 

11-All 

■Average 

IH 

5.634^0.015  g/cms 

*  '  *  '  1 

(351.7*0.9  lb/(t«) 

!  (iy.t‘6i3'22Xld«|)si) 

1 

1 

\’ 

0.5% 

13-1 

H 

■Average 

10 

5.149*0.016  g/ciu> 

5216*51  m/sec 

1401*23  kllotiais 

!  1391*26  kilobars 

(321.4*1.0  lb/ft>) 

(17.11*0.17X10»ft/Sec! 

(20.32*0.33X10*  i>.0> 

(20.17*0.38X10*  psi)  1 

V 

0.4% 

1.4% 

2.3% 

i  2.0%  ! 

13-11 

Average 

10 

5.162*0.013  g/cm> 

4950*184  m/sec 

1268*93  kiIot>ais 

1209*92  kilobars 

(322.3*0.8  lh/rt») 

(16.24*0.60X10*  ft/sec) 

(18.39*1.35X10*  psi) 

(18.41*1.33X10*  psl) 

V 

1 

0.4% 

5.1% 

10.3% 

10.1%  1 

IM 

Average 

10 

4.967*0.017  g/ctn« 

5456*20  in/sec 

1478*15  kiluhurs 

14.83*15  kilobars  ! 

(310.1*1.1  lb/(t») 

(17.90*0.07X10*  ft/sec) 

(21.44*0.22X10*  |isi) 

(21..51*0.22X10*  l)Sl) 

V 

0.5% 

0.5% 

1.4% 

1.4%  i 

12-n 

■Average 

10 

4.971*0.011  g/cm« 

.5481*10  m/scc 

1493*8  kilobars 

1499*10  kilobars  ’ 

(310.3*0.7  lb/(t«) 

(17.98*0.03X10*  ft/sec) 

(21.0.54  0,12X10*  psi) 

I  (21.74*0.15X10*  I)sl) 

1 

V 

0.3% 

0.3?i 

o.y; 

I.IC 

*  This  composition  contains  about  $  u-t  %  ot  CaO  as  the  stabilizing  agent. 

%  Because  of  the  very  high  and  diverse  values  calculated  for  Poisson’s  ratio,  the  calculated  bulk  modulus  values  Imvc  little  significance. 


I 


Table  15a.  Slatislical  data  for  the 


Code 

Compared  groups 

Critical 

value 

Pand  f  values  for 

Bulk 

density 

Speed  of 
sound 

A’oung’s 

El 

modulus 

1 

I'.jv 

13 

P-tcst; 

I  and  II 

4.03 

l.M 

•  13.2 

15.9 

12.4 

f-test: 

I  and  II 

2. 10 

1.48 

12 

F-tcst: 

1  and  II 

4.03 

2.58 

3.95 

3.15 

2.04 

/-test; 

I  and  II 

2.10 

1.56 

2.46 

1.98 

2.02 

1 

•  Underlined  figures  indicate  that  a  significant  diflerence  does  exist  between  the 
compared  groups. 


I 


32. 


for  “stabilized"  ZrOi 


Young’s  modulus— Con. 

Shear  modulus 

Poisson’s  ratio 

Bulk  modulu.s 

Ef, 

0 

Ki 

A/ip 

1302:^80  kllobars 

i55±39  kllobars 

0.374d=0.033 

857*43  kUobars 

(17.43ibl.I6XI0>  psi) 

(f..«0±0.57X10‘  pslj 

(12.43*0.62X10*  i>si) 

5.4% 

0.9% 

6.4% 

4.0% 

1122^58  kUobars 

423±13  kUobars 

0.3i]8:t0.02 

772*93  kllobars 

(16.27±0.84X10*  psi) 

(«>.14±0.19XI0>  psl) 

(ll.aO±1.33Xpsn 

3.2% 

io% 

4.6% 

7.5% 

2031  =t68  kllobars 

725:^48  kllobars 

0.416:^0.052 

(29.46±0.99X10>  psl) 

(10.52±0.70X10*  psi) 

2.7% 

5.3% 

10.1% 

1132^373  kUobars 

39g±7U  kllobars 

0.386^:0.218 

(16.42±S.4OXI0>  psi) 

(5.77*1.02X10*  psi) 

21% 

U.0% 

36% 

1399^208  kllobars 

510:^71  kllobars 

0.337±0.046* 

(20.29±3.02X10»  psl) 

(7.40*1.03X10*  psl) 

30% 

28% 

27% 

I3!M±22  kllobars 

558*7  kllobars 

0.255*0.006 

0.246*0.008 

055*37  kllobars 

90i't±59  kiiobars 

(20.22±0.32X10»  psl) 

(8.09*0.10X10*  psl) 

(13.85*0.54X10*  psi) 

(13.14*0.80X10*  psi) 

2.2% 

1.9% 

3.3% 

4.6% 

6.3% 

9.1% 

1259±94  kllobars 

514*33  kllobars 

0.232*0.012 

0.234*0.010 

796*92  kUobars 

802*87  kllobars 

(18.2ti±1.3tiXI0«  psl) 

(7.45*0.48X10*  psi) 

(11.54*1.33X10*  psi) 

(11.63*1.26X10*  i).si) 

10.5% 

9.1% 

7.0^^ 

6.2% 

16% 

15% 

U79±12  kllobars 

575*6  kllobars 

0.285*0.005 

0.289*0.005 

1144*36  kUobars 

1168*12  kllobars 

(21.45±0.17X10*  psl) 

(8.34*0.09X10*  psl) 

(16.59*0.38X10*  psl) 

(10.91*0.17X10*  psl) 

1.2% 

1.4% 

2.6% 

2.4% 

3.2% 

1.4% 

1492±10  kllobars 

584*4  kllobars 

0.279*0.002 

0.284*0.002 

1125*11  kUobars 

1157*30  kllobars 

(21.64±0.15X10«psl) 

(8.47*0.06X10*  psi) 

(16.32*0.16X10*  psi) 

(16.78*0.44X10*  psi) 

0.9% 

1.0% 

1.1% 

0.8% 

1.4% 

3.0% 

analysis  of  values  given  in  table  IS 


F  and  t  values  tor— Continued 


Young’s 

modulus- 

continued 

Shear 

modulus 

Poisson’s  ratio 

Bulk  modulus 

Er. 

0 

Ki 

K/, 

19.1 

20.2 

3.83 

l.Cd 

6.41 

2.19 

3.90 

2. 07 

2.24 

1.57 

2.08 

.5.31 

1.08 

.5.94 

6.67 

1.88 

2.65 

1.53 

33 


Tablb  16.  Data 


Oodt 

•nd 

Sooroe 

Btatistloal 

No.  of 
epeei- 
mens 

Bulk  density 

Speed  of  sound 

Young's  modulus 

troop 

parameters 

El 

Es. 

20 

D 

Average 

V 

19 

«.088±0.031  g/cm> 
(3T7.9tA1.8 16/ft>) 

0.7% 

0667:^22  m^ 
(21.87A:0.07X10>  fWsec) 

0.7% 

2600^23  kllobars 
(30.01±0.36X10*  psi) 

1.9% 

2711:1:19  kUobars 
(38.S2±0.28X10>  psi) 

1.5% 

lO-I 

D 

1 

Average 

V 

10 

i.0S8±0.017  g/cmi 
(371.9:t;l.l  lb/ft>) 

0.4% 

0S87±16  mfaec 
(3].61iH>.OOX10>  ft/sec) 

0.4% 

2385A:21  kllobars 
(37.49±0.30X10»  psl) 

1.1% 

2611^:26  kUobars 
(37.87:1K).30X10'  pel) 

1.4% 

ao-n 

1 

Average 

V 

10 

S.044±0.01t  g/cm> 
(371.1±O.01Wlt>) 

0.4% 

0363±11  mfseo 
(21.63±0.04X10>  ft/sec) 

0.2% 

2saO:AlS  kllobars 
(37.13±0.22X10*  psi) 

0.8% 

2389i:17  kUobars 
(37.33±0.25X10»  psi) 

0.9% 

2S-I 

D  1 

1 

Average 

V 

10 

3.601^.000  g/om> 
(353.3±0.4  lWft>) 

0.2% 

6870±13m/seo 
(22.64±0.04X10>  ft/sec) 

0.2% 

2680^12  kUobars 
(38.90±0.17X10*  psl) 

0.6% 

2713:1:20  kUobars 
(30.35AK).29X10>  psl) 

1.0% 

28-11 

Average 

V 

10 

6.B04±0.041  g/om> 
(347.4:1:2.0  IWff) 

1.0% 

6712±47  m/seo 
(22.02:1:0.1SX10>  ft/sec) 

1.0% 

2307:1:33  kUobarS 
(3e.ao±o.77xioi  psi) 

2.9% 

2543±56  kllobars 
(36.88±0.81X10'  psl) 

8.1% 

•  Code  28  oompoaltion  ts  slightly  different  than  compositions  ol  codes  20  and  30  specimens. 


Table  16a.  Statistical  data  for  the 


Fand  ( values  for 

Code 

Compared  groups 

Critical 

value 

Bulk 

density 

Speed  of 
sound 

Young’s  modulus 

El 

30 

f-test: 

I  and  II 

4.03 

1.23 

256 

1.95 

1.70 

f-tost: 

I  and  II 

ZIO 

1.43 

259 

2  25 

1.80 

28 

F-test: 

I  and  II 

4.03 

•  40.8 

14.9 

18.3 

7.67 

(-test: 

I  and  II 

210 

•  Underlined  figures  Indicate  that  a  significant  difference  docs  exist  between  the 
compared  groups. 


/or  Al|0|+Cr 


Young's  modulus— Con. 

Shear  modulus 

E,. 

0 

2604*28  kUobars 
(38.07*0.83X10*  psi) 

1.8% 

1074*8  kUobars 
(15.58*0.12X10*  psi) 

1.8% 

2802*28  kUobars 
(37.74*0.41X10*  psi) 

1.5% 

1032*8  kUobars 
(14.87*0.12X10*  psl) 

1.0% 

2578*17  kUobars 
(37.38*0.25X10*  psl) 

0.8% 

1023*6  kUobars 
(14.84*0.08X10*  psi) 

0.8% 

2682*20  kUobars 
(38.80*0.28X10*  psi) 

1.0% 

1114*6  kUobars 
(16.16*0.08X10*  pal) 

0.8% 

2514*56  kUobars 
(36.46*0.81X10*  psl) 

3.2% 

1042*27  kUobars 
(15.11*0.38X10*  psl) 

3.0% 

PoLsSoa's  ratio 


Bulk  modulus 


Ml 

0.253*0.003 

0.262*0.001 

2.3% 

0.8% 

0.252*0.003 

0.264*0.003 

1.5% 

1.5% 

0.252*0.001 

0.266*0.002 

0.6% 

1.2% 

0.205*0.001 

0.217*0.004 

1.0% 

2.2% 

0.203*0.001 

0.221*0.004 

0.8% 

2.6% 

1813±3S  kitobars 
(2e.30:iK).UXl0*  psi) 
4.0% 


1732±22  kilobars 
(2S.12i^.32X10'  psi) 
1.8% 


1721:t8  kUobars 
(25.00*0.13X10*  psi) 
0.8% 


1900*14  kUobars 
(27.56*0.20X10*  psi) 
1.5% 

1845*20  kUobars 
(26.76*0.42X10*  psi) 
2.2% 

1848*22  kUobars 
(26.80*0.32X10*  psi) 
1.7% 

1601*30  kUobars 
(23.22*0.44X10*  psi) 
2.7% 


Tabi.b  17.  Data  for  TiC 


Code 

.Vo.  of 

Youug’s 

luoduliis 

and 

group 

Source 

Statistical 

narameters 

specU 

mans 

Bulk  density 

8pee<j  of  souad 

K. 

31-1 

Averiigo 

V 

10 

6.341:±4).012  g.'cm> 
(333.4^:0.7  lb/ft<) 

0.3% 

85764:23  ni.sec 
(28.14±0.0«X10^  ll,scc/ 

0.4% 

3028429  kilobai  s 
(56.97 40.42.XUA  |imj 

1.0% 

UI3.543U  kilobars 
(58..'i240.44XU-‘  psl: 

1.0% 

31-U 

. 

Averiigc 

\' 

10 

6.343:40.0(18  g/cma 
(333.6±0.6  lW(t>) 

0.2% 

8849a:  15  m/sec 
(28.0540.05X  lO"  (t,  mv  ^ 

0.3% 

3'Ai5:£19  kilobajs 

>X1U*  pM. 

u-:% 

3996416  kilobars 
(67.1«'.40-23X10‘  I‘M 

O.O'’: 

32-1 

A  \  eriiifo 

10 

6.664±0.(Xa  g/cm> 
(363.0A:0.2  lb/ft>) 

0.1% 

84674:8  m/sec 
(27.784:0.03X11^  11 /mu) 

0.1% 

4063:^8  kiiot'ai  s 
(.5W.7k±0.l2Xl<J*  i»i) 

0.35^ 

40M'±9  kUobur.^ 
(59.2f>i:0.13X10‘  l-st 

0.3^7 

32-U 

A  \  erugi‘ 

10 

5.641:40.004  g/cm> 
(346.9:40.2  Ib/fti) 

0.4% 

8249±9  ni/sec 
(27.0640.03X10J  ft.  M  ci 

0.2% 

377049  kilobars 
(54.fiK4«.13XI0»  pMi 

0.3% 

3a6i'4I5  k debars 
(56.O740.22X10* 

u.:.C7 

33-1 

A  vorauo 

10 

5.862:40.002  g/cm> 
(386.0iO.l  Ib/ft*) 

0.0% 

8023dt5  ni/see 
(26.324;0.02XHP  ft,-M-(  j 

0.1% 

3773  45  kiloiiar'i 
l54.r240.07Xl(n 

0.c% 

3M»>>±7  kUobar?: 
(55.1.>3±0.10XJO«  p>r 

0  3% 

33-11 

\  verage 

\' 

10 

6.82140.006  g/cm> 
(363.4^0.3  lb/ft>) 

0.1% 

791)84:9  m/M  t 
(26.244:0.03X103  (1  m  c; 

0.2% 

3740±9  kilobiifs 
(.54.37^0.13X10^  I'MJ 

0.3% 

3757±12  kilobars 
(54.49^:0.17X10^  P-M  ■ 

0.5^; 

34-1 

K 

A  verage 

/ 

10 

6.72340.003  g/cni> 
(387.340.2  lb/(l») 

0.1% 

82674:7  ni/M>c 
(27.124:0.02X103  (l.M  v) 

0.1% 

391147  kilobars 
(56.7244).1UXUI«  l>'i. 

0.3% 

3917411  kilobars 
t56.M4tl.i6X10«  psi: 
l>.4% 

34-11 

Average 

V 

10 

6.88240.006  g/cm> 
(367.240.4  Ibyfti) 

0.1% 

8056±8  ni/.M  C 
(26.434:0.02X10»  It/sec) 

0.1% 

381746  kilobars 
(55.3640.09X10“  |i>ii 

0.2% 

3904^:^  kilobai > 

(5f).|-.'Ji  '  .13X1^'*'  psi} 

0.3% 

•  Cwio  31  contulns  nhoat  10  wt  %  Nl.  Code  32  contains  about  20  wt  %  Nl.  Code  33  eontauis  about  30  wl  %  Nl.  Code  34  contains  about  30  ttt  C,'  .N'l 
(Modifletl). 


Table  17a.  Statistical  data  for  the 


/  and  1  x  uJui’S  for 

Code 

Compared  groups 

Cn'ticai 

taluc 

bulk 

density 

Speed  ol 
sound 

Voting's  0!0du)us 

la  j 

)l 

/•'-test; 

I  aud  !l 

4.1)3 

1.94 

2.  25 

2.  3.5 

3.  48 

1-test; 

I  and  11 

2.  iO 

U.30 

2.22 

l.:i3 

2  .  00 

32 

f-test: 

I  and  I( 

4.03 

I.  71 

1,  1.5 

J.22 

2  .  .^>3 

1-test; 

I  and  11 

2.  10 

•47.  2 

41  2 

52  4 

28.  1 

33 

5'-test; 

I  anu  11 

4.03 

0.  J1 

3.72 

2,  78 

3.  29 

f-te.st: 

I  and  II 

2. 10 

49.7 

5.  47 

8  31 

34 

F-test; 

I  and  II 

4.03 

5.  14 

2.2(1 

l.V) 

1  -  r>K 

1-test; 

1  and  II 

2.  10 

56. 

24  0 

2  2«> 

•  Underlined  figures  Indicate  that  a  Riguificanl  dincrciuc  docs  exist  between  tlic 
compared  groups. 


Table  18.  Data 


Code 

and 

Source  1 

Statistical 

No.  of 
sped-  1 

Bulk  density 

Sixiod  ol  sound 

Vounfis 

modulu.s 

group 

parameters 

mens 

la 

44-1 

ir 

Average 

V 

10 

2.50640 ''TSgltem 

1 

44fi7db24  kilobars 

(166.4±b.l  IWtt*) 

0.1% 

(64.7940.35X10*  psi) 

0.7% 

44-11 

Average 

V 

10 

2.5054:0  002  g/cm> 
(156.440.1  Ib/tt*) 

0.1% 

(64.9940.28X10*  psi) 

0.6% 

sThese  raloas  are  not  considered  reliable  because  of  an  assumption  that  was  made  during  tbe  calculation. 
■>^-0.3074  assumed  value  for  one  specimen  see  sec.  2.8(a). 
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+  WtoSOwt  %  \i‘ 


Yoiuir’s  modulus— Con. 

Slu'or  modulus 

Poisson’s  ratio 

Ibilk  inoiliiltis 

K/. 

a 

Mi 

M/w 

Ki 

A'/, 

4027d:29  kilohars 

ltK54ifcU  kilobars 

o.isszto.otm 

u.m±o.oo3 

2099±2.5  kilobars 

2403±29  kilobars 

58.41±0.42XtO»  iBl) 

(23.!W±n.l6X10*  psl) 

(30.44±0.3tiXlU‘  psi) 

(31.S.-, ±0.42X10*  I)sl) 

1.0% 

O.'JVo 

2.1% 

2.1% 

1.7% 

1  7^’ 

4031±1S  kilobars 

1631d:8  kilobars 

0.107  ±0.003 

0.225±0.(X>2 

2119±I8  kilobars 

2427±11  kilobars 

(58.46^:0.22X10*  l>si) 

(23.li6±0.12X10*  psl) 

(31.17±0.26X10«  iisi) 

(35.20±0. 16X10*  psi) 

0.5% 

0.6% 

1.9% 

1.5% 

1.2^' 

0.7% 

4081d:8  kUobars 

168l±3  kilobars 

0.20(>=fc0.003 

0,21ii±0.003 

•229,5±23  kilobars 

2394  ±4  kilobars 

(58.18±0.12X10*  psi) 

(24.38±0.04X10«  p.sl) 

(33.29±0.33X10«  psi) 

(3l.72±0.06X10«|>sl) 

0.3% 

0.2% 

2.0'.;, 

2.0'.  i 

1.4% 

0.2% 

3851d:10  kilobars 

1548±8  kilobars 

0.197±0,00l 

0.22d=fc0jK»5 

2078±30  kilobars 

2.368±42  kilobars 

(55.85±0.15X10*  psl) 

(22.45±0.09X10*  psi) 

(.3().14±fl.44X10«  psil 

(34.34±0.61X10*psl) 

0.4% 

0.5% 

3.0% 

3.4% 

2.0% 

2.5':^ 

38(Hd:8  kUobars 

1560:^6  kilobars 

0.210±0.001 

0.2'iidbO.otri 

2irj8±5  kilobars 

'2275±5  kilobars 

(55.17^:0.12X10*  psl) 

(22.63±0.09X10«  psi) 

(3I.41±0.07X10«  psl) 

(33.00±0.07X10*l)Sl) 

0.3% 

0.5% 

0.9''^ 

1.1% 

0.3<;i 

0.3' : 

374l±13  kilobits 

1.538^:0  kilobars 

0.219±n.003 

0.222±0.002 

2226±13  kiloliars 

22^  ‘-If)  kilobars 

(54.26±0.19X10*  p.si) 

(22,31±0.09X10*  psi) 

(32.29±0. 19X10*  psl) 

(32.  .±0.22X10*  psl) 

0.5% 

0.5% 

1.8% 

1.4% 

0.8% 

0.9% 

1099±3  kilobars 
(24.64±0.(MX10»  psi) 

0.3% 

0.151=fcn.003 

0.153±0.004 

1871±10  kilobars 
(27.I4±0.23XI0»p.sl) 

1.2% 

(27.30±n.35X10«  psl) 

1.8% 

2.7% 

3..5% 

38S(id;!^  kilobars 

1586±2  kilobars 

0.201  ±0.002 

0.231  ±0.003 

2147±3  kilobars 

2417±28  kilobars 

(5ti.36±O.13X10*  psi) 

(23.00±0.03X10*  psl) 

(31.14±0.04X10«  psi) 

(3.5.06±0.41X10f  iiri) 

0.3% 

0.2% 

1.2% 

t.7% 

0.2% 

1.6% 

analysiK  of  values  given  in  table  17 


F  and  t  values  for— Continued 

Young’s 

mmnn 

modulus- 

Buik  raoduhis 

Contlnue<l 

■■mu 

mum 

0 

Mi 

Mfis 

Kt 

Kt. 

3.  (>2 

2.00 

1. 18 

1.69 

2.06 

6.  73 

9.  24 

3.  98 

2  89 

3  75 

1.46 

5.60 

1.98 

3.08 

1.62, 

1. 98 

40.8 

3.64 

4.31 

13. 1 

1.41 

2.65 

1.07 

4.22 

1.76 

7.  79 

9.  r>7 

1  9. 75 

.5.84 

0.68 

1.78 

2.85 

1.81 

3. 06 

1.38 

64.8 

35.  3 

36.  8 

38.3 

32.7 

___ 

for  1{,C 


■^'oung’s  modulus— Con. 

Poisson’s  ratio 

Bulk  nio<luIus 

F.t. 

a 

Ml 

M/w 

A’l 

Kt. 

4450±23  kilobars 
(e4.S4±0.33X10*  psi) 

0.7% 

44S7±1S  kilobars 
(M.64±0.22X10*  psl) 

0..5% 

1850±10  kilobars* 
(26.83±0.15X10*  psi) 

0.7% 

1856±8  kilobars* 
(26.92±0.12X10*  psi) 

0.6% 

(i-) 

2544±13  kilobars* 
(36.90±0.19X10«  psi) 

0.7% 

2552±5  kilobars  • 
(37.01±0.07X10«  psl) 

0.6% 
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Tablb  19.  Data 


Code 

and 

Scarce 

Statistieal 

No.  of 
•peel- 

1 

Bulk  density 

Speed  of  sound 

Young's  modulus 

j 

group 

paimmeten 

mant 

Et 

E/, 

46-1 

H 

Average 

V 

6 

2A14±0.006  g/cm< 

4464±68  kilobaia 

(17A7±0L41Wlt>) 

0.2% 

(64.eo±0.84X10*  pel) 

1.1% 

48-n 

Average 

V 

6 

2ai6±0.006  g/cm* 

4618:^101  kUobars 

(176.7±0.41h/(t0 

0.2% 

(e6.46d:1.46X10*  pel) 

1.0% 

4S-III 

Average 

V 

6 

2.816:1:0.006  g/cm< 

4474:1:43  kilobars 

(176.7±0.41^P) 

0.2% 

(64.8»±0.62X10*  Psi) 

0.8% 

1 

46-IV 

Average 

V 

6 

2.818±0.004  g/cm* 

4500^81  kilobars 

(17AftA0.21b/ftl) 

0.1% 

(66.27±0.46X10*  psi) 

0.6% 

48-All 

Average 

V 

20 

2816AA.002  g/cm* 

4485^26  kUobars 

( 

(176.8±0.1Wft*) 

0.2% 

1 

(65.06±0.36X1D*  psi) 

1.2% 

1 

1 

1 

»Thii  mlxtore  oontains  82  p«rti  (voluina)  of  B4O  and  18  part*  TlBt. 

kTbeae  values  are  not  oonadered  rellabie  beoauae  of  an  assumption  that  was  made  during  the  calculation. 
•m~0.20M  aesnmed  value  for  one  specimen,  see  see.  2.8(a). 


Table  20. 


Code 

and 

group 


46-1 

46-11 

86-1 

86-U 


Source 

Statistical 

parameters 

No.  of 
speci¬ 
mens 

Bulk  density 

Speed  of  sound 

Young's  modulus 

El 

Efit 

B 

Average 

V 

Average 

V 

Average 

V 

Average 

V 

• 

8 

10 

9 

8.103±0.012  gm/cm* 
(193.7±0.71b3ti) 

0.6% 

S.128±0.002  gm/em* 

(iag.3d:0.1 11^) 

0.1% 

2.876^:0.004  gm/cm* 
(160.8d:0.2  Ib/ftl) 

2.^d:0.006  gm/cm* 
(162.1:^.81^) 

0.2% 

3,948±64  kilobars 
(57.26±0.93X10*  pei) 

2.1% 

4.013±16  kilobars 
(88.20±0.22X10*  pst) 

0.4% 

2,021±43  kilobars 
(29.31±0.62X10*  psi) 

3.0% 

1,963±60  kilobars 
(28.47±0.73X10»  psi) 

3.8% 

H 

8,818  ±87  m/sec 
(28.93±0.20X10>  ft/seo) 

1.4% 

8,744±8l  m/seo 
(28.69±O.27X10*  ft/sec) 

1.2% 

2,003±41  kilobars 
(29.06±0.69X10*  psi) 

2.9% 

l,0e6±39  kUobars 
(28.79±0.67X10*  psi) 

2.6% 

I 


Table  20a.  Statistical  data  for  the 


Fand  ( values  for 

Code 

Compared  groups 

Critical 

Young’s  modulus 

value 

Bulk 

Speed  of 

density 

sound 

El 

Efm 

46 

F-test: 

landll 

4.90> 

>>  12.2 

22.4* 

•4.53* 

(-test: 

landll 

2. 13 

36 

F-test: 

I  and  n 

4.36- 

4. 10* 

1.71* 

1.34 

1.33 

1.15’ 

l-test: 

landll 

2.11 

7.86 

1.92 

0.71 

2.03 

•  F  and  t  values  marked  with  an  asterisk  indicate  comparison  with  the  critical  value 
similarly  marked. 

■>  Underlined  figures  indicate  that  a  significant  difference  does  exist  between  the 
compared  groups. 
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for  B4C  '  TiB,' 


Young’s  modulus— Coa. 

Shoar  modulus 

Poisson's  ratio 

Bulk  modulus 

Eft 

a 

m 

M/w 

Ki 

K,, 

4442±47  kllobam 

1M7:^24  lUlobars>> 

(•) 

2521^33  kilobars  b 

(64.43d:0.68X10>  psi) 

(36.70d:0.36X10>  psi) 

Oe.06±0.4gX10'  psi) 

0.9% 

1.1% 

1.1% 

44«5±46  kilobars 

1872^43  kilobars^ 

(•) 

2040^57  kilobars  s 

(64.S1±0.67X10*  psi) 

(Z7.11hb0.61X10*  psi) 

(36.91^0.83X10'  psi) 

0.8% 

1.8% 

1.8% 

4466±37  kilobars 

1806:1:18  kilobars  <> 

(•) 

2533:^25  kilobars  k 

(M.77±0.MX10‘  psi) 

(26.02^0.26X10'  psi) 

(36.74±0.36X10'  psi) 

0.7% 

0.8% 

0.8% 

4478±3a  kilobars 

1866^13  kilobars^ 

(•) 

2647^18  kilobars^ 

(M.9S±0.4dX10>  psi) 

(27.06±0.19X10'  psi) 

(36.94±0.26X10'  psi) 

0.6% 

0.6% 

0.6% 

44e0±16  kilobars 

1860±10  kilobars  s 

(•) 

2630±14  kilobars  b 

(64.eO±0.23X10<  psi) 

(28.98±0.10X10'  psi) 

(36.83±0.30X10'  psi) 

0.7% 

1.2% 

1.2% 

1 


Data  for  SiC 


Table  21.  Data  for 


Code 

and 

SouToe 

Statistical 

No.  of 
sped- 

Bulk  density 

Speed  of  sound 

Young's  modulus 

group 

parameters 

mens 

Ki 

tCl, 

37-1 

U 

Average 

V 

5 

3.074±0.007  g/cm> 
(191.9±0.4  lWft>) 

0.2% 

4l20±4S  kilobars 
(59.76±0.65X10*  psl) 

0.9% 

37-11 

.Average 

V 

5 

3.086±0.0U  g/cm» 
(192.7±0.9  Ib/ft*) 

0.4% 

(59.67 d4).MX10*  psl) 

0.77o 

37-III 

Average 

V 

5 

3.083^0.003  g/cm> 
(102.3±0.2  lb/ft>) 

0.1% 

(59.77±1.04X10»  psl) 

1.4% 

37-lV 

Average 

V 

5 

3.084±0.a06  g/ciii< 
(192.5±0.4  lb/ft»> 

0.2% 

4246±66  kilobars 
(61. ,58  ±0.96X10*  psl) 

1 .3'  0 

37-AU 

Average 

V 

20 

3.082±0.004  g/cm< 
(192.4±0.2  lh/ft>) 

0.3% 

41M±31  kilobars 

(60.21  ±0.45X10*  psl) 

1.0% 

•  This  mixture  contains  90  ports  of  SIC  and  10  parts  of  B<C  (by  weight}. 

These  values  are  not  considered  reliable  because  of  an  assumption  that  was  made  during  the  calculation. 
‘  m'*0.2208  assumed  value  for  one  specimen,  see  sec.  2.3(a). 


Table  22.  Data 


Code 

and 

Source 

Statistical 

No.  of 
sped- 

Bulk  density 

Speed  of  sound 

^’ouiig's  moilulus 

group 

parameters 

mens 

Ki 

A;  It 

38-1 

H 

Average 

V 

1 

6.465  g/cm* 

(403,6  lb/ft>) 

3HH1  kiloburs 

(56.29X10*  psi^ 

38-11 

Average 

V 

2 

6.177±0.602  g/cins 
(385.6±37.6  lb/ft«) 

1.1% 

3045±6I5  kilobars 
(44. 16± 7.47X10*  p.5i> 

1.9% 

38-7*1 

Average 

V 

4 

6.148±0.028  g/cni* 
(383.8±1,7  Ib/rt*) 

0.3% 

3220±72  kilobars 
(4(i,70±1.04Xl0«  psi) 

1.4% 

38-IV 

Average 

V 

4 

6.202±0.009  g/cm* 
(387.2±0,6  lb/ft») 

0.1% 

(47..56±0.35X10*  p.'i) 

0.5% 

38-V 

Average 

V 

5 

6.016±0.031  g/cm* 
(375.6±1.9  lb/rt>) 

0.4% 

2961  ±65  kilobars 
(42.9,5±0.94X10«  p.'^i) 

1.8% 

38-VI 

A  verage 

V 

4 

6.017±0.025  g/cra* 
(375,6±1.6  lb/ft») 

0.3% 

2890:±:89  kilobars 

(4I.92±1.29X10*  psii 

1.9% 

38-AIl 

•Average 

V 

20 

0.118±0.055  g/cm* 
(381.9±3.4  lb/ft») 

1.9% 

(45.21±I.f)4X10*  psi> 

7,7% 

4Q 


SiC  +  B«C‘ 


Young’s  modulus— Con. 

Shear  modulus 

Poisson’s  ratio 

Bulk  moduius 

Eft 

0 

Ml 

M/* 

Kt 

Eftg 

40go±44  kilobars 

1688±I8  kilobars'' 

(•) 

2460±27  kilobars  •> 

(S8.33±0.64X1I»  psi) 

(24.4grt0.26X10<  psi) 

(35.68±0.39X10»  I>si) 

0.9% 

0.9% 

0.9% 

4100±67  kilobars 

1685±15  kilobars^ 

{•) 

24S6±22  kilobars  >> 

(59.47±0.97X10>  psi) 

(24.44±0.22X10«  psi) 

(3S.62±0.32X10*  psi; 

1.3% 

0.7% 

0.7% 

4064^79  kilobars 

1688±26  kllobarss 

(•) 

2460±43  kilobars^ 

(S9.23±1.15X10‘  psi) 

(24.48±O.42X10*  psl) 

(35.68=fc0.62X10*  psi) 

1.6% 

1.4% 

1.4% 

4321  ±29  kilobars 

1739±27  kilobars'' 

(•) 

(fl2.R7±0.42X10«  psl) 

(25.22±0.39X10*  psi) 

(36.77±0.S8X10*  psi) 

0.6% 

1.3% 

1.3% 

4149±52  kilobars 

1699±20  kilobars^ 

(•) 

24 78±29  kilobars  s 

(60.1S:i:0.7SX10>  psl) 

(24.64±0.29X10'  psl) 

(3.‘i.94±0.42X10»  psl) 

2.7% 

1.6% 

1.6% 

fcr  ZrC 


Young’s  modulus— Con. 

Shear  modulus 

Poisson’s  ratio 

Bulk  modulus 

1 

Eft 

a 

M/* 

i 

Jfl 

A'/k 

3870  kilobars 

1540  kilobars 

O.2G0 

2688  kilobars 

(56.13X10*  psi) 

(22.34X10*  psi) 

(38.99X10*  psl) 

31 19±503  kilobars 

1223±40  kilobars 

0.24Sd:0.170 

1999±82  kilobars 

{45.24±7,30X10*  psl) 

(17.74±0.58X10*  psl) 

(31.27±1.19X10«  psi) 

1.8% 

0.4% 

7.7% 

9.8% 

S249d:51  kilobars 

1280±27  kilobars 

0.258db0.006 

2206±115  kilobars 

(47.12:i0.74X10*  psi) 

(18.56±0.39X10«  psi) 

(32.00±1. 67X10*  psi) 

1.0% 

1.3% 

1.2% 

3.3% 

3261±15  kilobars 

1317±7  kilobars 

0.24S±0.010 

(47.73±0.22X10*  psl) 

(lO.IOiO.lOXlO*  psl) 

(31.27±1.19X10*  psl) 

0.3% 

0.3% 

2.6% 

2.4% 

3063±45  kilobars 

1165±31  kilobars 

0.271±0.008 

2136±C8  kilobars 

(44.43±0.65X10*  psi) 

(16.90±0.45X10*  psi) 

(30.98±0.«9X10*  psl) 

1.2% 

2.2% 

2.4% 

2.6% 

2995^59  kilobars 

1149±35  kilobars 

0.258±0.003 

2009±78  kilobars 

(43.44±0.88X10*  psl) 

(16.66±0.,51X10‘psl) 

(29.14±I.13X10'  psl) 

1.2% 

1.9% 

0.7% 

2.6% 

3178^:95  kilobars 

0.257=b0.005 

2142±76  kilobars 

(46.09±1.38X10‘  psi) 

(17.98±0.67X10«  psi) 

(31.07±1.10X10«  psl) 

6.4% 

8.0% 

4.8% 

7.6% 
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Code 

•ad  8oum 
(roup 


Bulk  density 


Average 

V 


5.«a8±0.01ig/ami 

(37a.«;i;0.»lb/(t>) 

o.a% 

S.3Qg±0.013g/om> 

(331.4±0.81Wft*) 

o.a% 


6.271±0.!09K/oin> 

(339.1:t;13.01b/lt<) 

8.2% 

8.793^:0.031  g/ein> 
(381.0^1.9  lb/(t>) 
0.4% 


20  8.S8S±0.146g/cm< 

(348.7:k9.1  lb/(t>) 
5.6% 

10  4.657±0.034g/cni> 
(384.5:1;3.1  lb/ft>) 
1.1% 

10  4.624±O.OS6g/cm« 

(2g2.4±3.Slb/rt<) 
1.7% 


Speed  of  sound 


Young's  modulus 


Compared  groups 

Critical 

value 

F-test 

I  and  II 

4.03 

(-test 

I  and  II 

2. 10 

50e0±23kUobar8 
(73.62±0A2Xia*  psi) 
0.4% 

3582:1:32  kUobars 
(S1.95±0.46X10*  psi) 
0.7% 

3405±148kllobars 
(49.39±2.16X10*  psi) 
3.5% 

4399±S2kilobars 
(63.80±0.7SX10'  psi) 
1.0% 

4114d;321  kilobars 
(59.87±4.66X10»  psi) 
17% 

2455±85  kilobars 
(35.61±1.23X10'  psi) 
4.8% 

2368±143  kilobars 
(34.34±2.07X10»  psi) 
8.4% 


Table  23a.  Statistical  data  for  the  analysis 


F  and  t  values  for 


■  Underlined  figures  indicate  that  a  significant  difference  does  exist  between  the 
compared  groups. 


No.  of 

Source  Statistical  specl- 
parameters  mens 


Average 

V 

Average 

V 


Average 

V 

Average 

V 

Average 

V 

Average 

V 


Bulk  density 


5.987±0.072  g/cm» 
(373.8±4.fi  lb/ft<) 
0.8% 

5.874^0.300  g/cm> 
(3a6.7±18.7  Ib/lt*) 
4.1% 

5.074  g/cml 
(372.91b/ft') 

6.041^:0.022  g/cm> 
(377.1±1.4  lb/ft») 
0.2% 


2  S.066d:K).485  g/cm> 
(372.4±30.3  lb/ft<) 
0.9% 

3  5.901±0.008  g/cm* 
(374.0±0.51b/fti) 
0.1% 

19  5.966±0.038  g/cm' 
(373.4d:2.4  mV) 


Speed  of  sound 


Tabi.e  24.  Data 


Young’s  modulus 


3815±106  kilobars 
(55.33±1.S4X10*  psi) 
1.8% 

3664±125  kilobars 
(63.14±1.81X10>  pel) 
2.8% 

3839  kiioban 
(55.68X10*  psi) 

3886±18  kilobars 
(66.36±0.26X10'  pel) 
0.3% 

3807±S06  kilobars 
(55.22±8.64X10>  pel) 
1.7% 

3839±19  kilobars 
(56.68±0.28X10*  psi) 
0.2% 

379S±49  kiioban 
(56.04±0.71X10'  psl) 
2.7% 
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Data  far  ZrB* 


Young’s  modulo*— Con. 

Shear  modulus 

Poisson's  ratio 

Et, 

a 

Ml 

3000:^23  kilobara 

3306±14  kUobara 

0.149±0.003 

(78.g3:t:0.32Xia*  psl) 

(32.00^0.20X10*  psi) 

0.4% 

0.5% 

1.3% 

8635dbr  kilobara 

1537±14  kUobara 

0.173:t0.002 

(33.73i±0.38X10>  psi) 

(22.15:k0.30X10*  psl) 

0.6% 

0.7% 

0.8% 

3470±144  kilobara 

1482^62  kilobara 

0.149±0.066 

(S0.33±2.10X10'  psi) 

(21.40±0.90X10*  psl) 

3.4% 

3.3% 

3.0% 

4363±46kUobara 

1922±25  kilobara 

0.144±0.003 

(63.28:1;O.S1X10*  psi) 

(27.88±0.36X104  psi) 

1.0% 

1.0% 

1.5% 

4139±310  kilobara 

1784±143  kilobara 

0.154±0.006 

(60.03±4.80XiaS  psi) 

(25.87:t2.07X10l  psl) 

16% 

17% 

7.6% 

2448;k04  kUobara 

1065±35  kUobara 

0.131±0.005 

(35.6&tl.38X10i  psl) 

(15.74^0.51X10*  psi) 

5.4% 

4.5% 

5.0% 

2362±140  kilobara 

1037±54  kilobara 

0.141±0.013 

(34.26±2.18X10*  psi) 

(1S.04±0.78X10*  psl) 

8.9% 

7.3% 

12% 

Balk  modultu 


K, 


JO. 


2205ztl6  kilobara 
(31.9e±0.22X10>  psi) 
0.4% 

1825^16  kilobara 
(26.47±0.23X10>  psl) 
0.7% 

1601±C6  kilobara 
(32.22^0.06X101  psi) 
3.3% 

2077±27  kUobara 
(30.12±0.30X10*  psi) 
l.C% 

1977±144  kilobara 
(28.67±2.09X10»  psi) 
1G.07<, 

I110±48  kilobara 
(16.10±0.70X10*  psl 
6.1% 

1104±100  kilobara 
(16.01d:I.45X10*  psi) 
13.0% 


of  values  given  in  table  SS 


F  and  t  values  (or— Continued 


Young’s 

modulus— 

1  Continued 

Shear 

modulus 

Poisson’s  ratio 

Bulk  modulus 

Eft 

a 

Ml 

Mr* 

! 

Kt, 

2.61 

2.36 

•  7.04 

4. 32 

1.00 

1.37 

0.13 

for  MoSi] 


Young’s  modulus 

Shear  modulus 

1 

Poisson’s  ratio 

Bulk  modulus 

Ft. 

a 

Ml 

M/* 

K, 

Kt. 

3806zk67  kllobars 

1636:^0  Ulobars 

0.166±0.005 

1910rb51  kilobara 

(65.19±0.67X10*  psl) 

(23.73±0.71X10*  psl) 

(27.70±0.74X10*  psi) 

1.1% 

1.9% 

1.7% 

1-7% 

3754:k46  Ulob&rs 

1582±44  kUobara 

0.158^0.008 

1790±102  kilobara 

(64.45d^.67X10*  psi) 

(22.66±0.64X10*  psi) 

(25.96±1.48X10*  psi) 

1.0% 

2.2% 

4.1% 

4.6% 

3807  kllobars 

1638  kilobara 

0.172 

(55.22X10*  psl) 

(23.76X10*  psi) 

(28.01X10*  psi) 

3866±13  kUobara 

1666±10  kUobara 

0.167:li0.005 

1935dc23  kilobara 

(56.07d:0.19X10*  psi) 

(24.16±0.16X10*  psl) 

(28.06±0.33X10*  psi) 

0.2% 

0.4% 

2.0% 

0.8% 

1628^272  kilobara 

0.169:^0.013 

1920^324  kilobara 

(SS.09dz5.47X10*  psl) 

(23.61±3.95X10*  psi) 

(27.85±0.46X10*  psi) 

1.1% 

1.9% 

0.8% 

3.9% 

3804^6  kilobara 

I648:t6  kilobara 

0.166^.006 

1918^48  kilobara 

(55.17±0.07X10*psl) 

(23.90:k0.09X10*psi) 

(27.82±0.70X10*  psi) 

0.1% 

0.1% 

1.5% 

1.0% 

3804^  kilobara 

1629±19  kUobara 

0.]66Ji0.009 

(55.17±0J3X10*  pel) 

(23.63±0.28X10*  psi) 

(27.37±0.52X10*  psi) 

1.2% 

2.4% 

3.4% 

3.9% 

I 
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Tabus  25.  Data 


Cod* 

wd 

Some* 

StetMtel 

No.  of 
8PM4- 

mAnii 

ITiirr  fiirt^r 

Speed  efaooBd 

Young's  modulus 

graup 

porametan 

Fi 

Ff. 

40-1 

Avma* 

V 

■ 

6.T8AAO.OM 

(3M.8±1.6 

o.«% 

1817^48  kiloban 

■ 

(ae.36±o.70xio'  psi) 

3,5% 

40-U 

Averagt 

V 

6.d66c±^.lU  c/om 

1760:ta2  kilobars 

■ 

■ 

tiu.i±is.»ib/m 

a.4% 

(25.63±0.«}X10*  psi) 

2.2% 

Table  25a.  Statistical  data  for  the 


F  and  t  values  for— 

Code 

Compared  groups 

Critical 

value 

Bulk 

density 

Speoti  of 
sound 

Young’s  modulus 

Ft 

F/. 

40 

>'-tcst; 

land  11 

5.08- 

1-15.3 

•2,92 

f-tevSt: 

1  and  II 

•14. 6* 

2  18 

1.58 

•  F  andf  values  marked  with  an  asterisk  indicate  comparison  with  the  critical 
value  similarly  marked. 

k  Underlined  figures  indicate  that  a  significant  difference  does  eiist  between  the 
compared  groups. 
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for  NiAl 


Young's  modulus 

Shear  modulus 

1 

Poisson's  ratio  {  Bulk  modulus 

Ft. 

Ml 

M/«t 

F, 

Kf. 

178«±43  kUobars 
(2S.g(kiK).62X10*  psi) 

8.4% 

1737±1M  kUobars 
(28.19±2.glX10*  psi) 

7.0% 

723±33  kUobars 
(10.49±0.48X10*  psi) 

6.4% 

6es±8  kUobars 
(10.0S±0.12X10*  psi) 

0.7% 

0.261  ±0.040 

21% 

0.26S±0.036 

9.2% 

1320±177  kUobars 
(10.1S±2.i7X10»  psi) 

19% 

1260±2M  kUobars 
(lg.27±3.6gX10'  psi) 

13% 

analysis  of  values  given  in  table  £o 


F  and  t  values  for — 

Young’s 

Shear  modu- 

Poisson’s  ratio 

Bulk  modulus 

modulus 

lus 

Ft. 

a 

Ml 

M/t8 

Ki 

Ft, 

4. 12 

•82.2 

•5.23 

•2.40 

1.03 

0. 14 

0.45 
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